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ABSTRACT 
 
Hybrid metal-oxide/polymer light-emitting diodes (HyLEDs) are a novel class of 
electronic devices based on a combination of electroluminescent organic and charge-
injecting metal-oxide components. These devices employ air-stable electrodes, such as 
ITO and Au, and are therefore well suited for fabrication of encapsulation-free light-
emitting devices. The current work is intended to provide an insight into operating 
mechanisms and limitations of the HyLEDs, and, on the basis of this knowledge, aims 
at modifying the device architecture in order to improve the performance. The choice of 
optically transparent metal-oxide charge-injection layers appears to be critical in this 
respect in order to optimize the electron-hole balance within the polymer layer. Starting 
from the original device architecture, ITO/TiO2/F8BT/MoO3/Au, which uses ITO as a 
cathode and Au as an anode, we follow different approaches, such as the use of dipolar 
self-assembled monolayers and nanoscale structuring of the electron-injecting interface, 
pursuing the goal of enhancing electron injection into the emissive layer. However, 
substitution of the electron-injecting layer of TiO2 with ZrO2 is demonstrated to be the 
most efficient of the approaches employed herein. Further, optimization of the device 
utilizing the latter metal oxide is demonstrated in terms of deposition and post-
deposition treatment of the electron-injecting and electroluminescent layers. Substrate 
temperature during spray pyrolysis deposition of the electron-injecting layer is found to 
have a strong influence on the HyLED performance, as well as the precursor solution 
spraying rate and the layer thickness. On the other hand, post-deposition annealing of 
the polymer layer is shown to improve the device efficiency and brightness 
significantly, possible explanations lying in enhancement in polymer luminescence 
efficiency and formation of a more intimate contact between the electron-injecting and 
the active polymer layers. Combining electron-transporting (TiO2 and ZnO) and hole-
blocking (Al2O3 and ZrO2) materials into a single electron-injecting layer is 
demonstrated to be an effective strategy of enhancing efficiency in the HyLEDs. The 
search for a hole-injecting electrode alternative to the conventionally used MoO3/Au 
leads to the device employing the PEDOT:PSS/VPP-PEDOT system, which though 
resulting in a poorer device efficiency, provides route for fabrication of vacuum 
deposition-free organic light-emitting devices. Finally, the HyLED architecture is 
demonstrated to offer better stability than the conventional architecture using LiF/Al as 
a cathode. It is hoped that the current work provides a better understanding of the 
requirements for fabrication of encapsulation-free organic light-emitting devices. 
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INTRODUCTION AND MOTIVATION 
 
Organic electronics is now emerging as a powerful platform for fabrication of 21st 
century electronic devices [1]. This approach involves the use of organic semiconductor 
materials, polymers, oligomers and small molecules, to build electronic components of 
modern devices. As demonstrated by recent engineering advances, organic materials can 
function at high performance on both rigid and flexible plastic substrates, which gives 
organic electronics a competitive advantage over conventional electronics built using 
exclusively inorganic semiconductors. As such, a term “plastic electronics” has recently 
been coined to mark the mechanical flexibility of organic electronic materials [2]. 
According to a report of the Department for Business Innovation & Skills‟ on 
opportunities for plastic electronics in the UK, advantages of this concept over 
conventional technologies include flexibility of product design, conformability and 
weight reduction, low cost and low environmental impact of manufacturing [3]. 
Manufacturing gains are expected to come from the use of processes such as roll-to-roll, 
reduction in material wastage and temperature of processing.  
Technological advantages offered by organic materials, potential low-cost 
fabrication of high-end innovative products and the ability to easily tailor their chemical 
and physical properties have induced extensive research in the field of organic materials 
and devices over the past few years [4]. High-value-added plastic electronic products 
including displays, lighting systems, photovoltaic cells and integrated smart systems are 
starting to appear in the market [5]. Organic light-emitting diodes (OLEDs) represent 
the most advanced type of organic electronic devices in terms of research efforts and 
near-future commercial potential. At the present time, materials which are 
predominantly used for fabrication of commercial light emitting diodes (LEDs) are 
inorganic crystalline semiconductors based on III-V elements of the periodic table. In 
general, most of the emissive semiconductor materials are based on gallium arsenide 
(GaAs), gallium phosphide (GaP) and gallium nitride (GaN) [6-8]. However, these 
binary semiconductor materials are not sufficient to cover the whole visible spectrum 
and obtain high-brightness and high-efficiency diodes. More complex materials, such as 
ternary indium gallium nitride (InGaN) or quaternary aluminium gallium indium 
phosphide (AlGaInP), are then employed for those purposes. Deposition of such 
materials requires high level of control and is typically done either in high vacuum or in 
extremely pure atmosphere of precursor gases to eliminate any undesired impurities and 
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defects [9]. Epitaxial growth techniques, such as liquid and vapour phase epitaxy are 
currently considered to be the most suitable for fabrication of inorganic LEDs, in spite 
of the former method being relatively inflexible and the latter suffering from toxicity of 
reactant gases and waste products [10]. Stringent requirements in fabrication of 
inorganic LEDs result in high costs of production, which is particularly critical for 
large-scale high-throughput manufacturing of devices. Although organic light-emitting 
diodes may currently not be able to disrupt the dominance of inorganic LEDs in the 
market, they may be intended to target specific niches. One of the biggest advantages 
offered by organic semiconductor materials is their ability to be deposited as thin layers 
from a liquid phase in ambient environment. This fact makes solution-processed 
OLEDs competitive, for example, in applications requiring fabrication at low cost 
and/or large scale.  
There are two main areas of application of LEDs: lighting and displays. 
Regarding their application in lighting, LEDs are the most recent and, as seen by many, 
the most promising of artificial light sources. They are already widely used in a large 
number of products present in the market and offer a number of advantages over 
conventional technologies. In low power applications, for example, LED efficiency has 
outpaced any other technology, while in lighting LEDs have begun threatening the 
position of fluorescent lamps as high-efficiency light sources [11]. Regarding their 
potential in the lighting market, OLEDs are widely expected to become an important 
player in the future [12]. One of the advantages of OLEDs lies in their ability to move 
from point light sources to sheets emitting light. This approach poses new challenges to 
the quality and uniformity of functional layers in these devices. It also demands their 
efficiency and stability to match those of inorganic counterparts. There is a very strong 
economic drive to bring OLEDs to the lighting market. According to a market research 
group NanoMarkets, a global lighting fixture market amounts to approximately $50 
billion today. High economic potential brings major producers, like Philips, GE and 
OSRAM, to the OLED lighting market, thereby accelerating its growth. By 2013, the 
OLED lighting market is forecast to reach almost $4.5 billion [13]. Sales of commercial 
OLED lighting products are due to hit $14 billion by 2020 [12].  
Similar to their prospects in lighting, application of OLEDs in displays is highly 
promising. At the current state of the art, flat panel displays (FPD) have almost 
completely filled the market, ousting cathode ray tube (CRT) displays. An active matrix 
liquid-crystal display (LCD) technology using amorphous silicon thin-film transistors 
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(TFT) presently occupies the majority share of the FPD market. As such, the role of thin 
and lightweight light-producing technologies is expected to rise in the near future As 
companies like Samsung, RiT Display, Pioneer, etc., expand their presence and occupy 
new niches, modern technologies, such as OLEDs, are attracting their interest. Sheer 
size of the FPD market of approximately $100 billion is an important factor in the 
growth of the OLED technology. As a result, demand for both active-matrix and 
passive-matrix OLED is forecast to grow significantly between years 2008 and 2013. 
Combined annual growth rate of the OLED TV market is expected to hit 140% in years 
2008-2016, making this industry the fastest growing within the FPD market [14]. In 
terms of commercial presence, so far, Samsung maintains absolute dominance in the 
organic display industry, though the market is still at a very early stage so other strong 
competitors are also expected to build ground in near future. Overall, there is significant 
economic potential in growth of the OLED market, and development of alternative 
OLED architectures with new applications may help in driving the field forward. 
 
Thesis motivation and aims 
 
Advances in organic materials technology, as well as extensive device 
optimization, have led to remarkable improvement in the performance of OLED 
devices. Nevertheless, some unresolved issues still remain in the field. Arguably, the 
biggest challenges for OLEDs in the commercial market lie, at this moment, in their 
environmental stability and temporal reproducibility of their operational characteristics. 
Reduction of costs and environmental impact of the OLED fabrication are also 
important challenges which may be approached through the use of alternative materials 
and fabrication techniques. The final challenge is to maintain and improve efficiency of 
OLEDs, while addressing the aforementioned issues. Finding an optimum solution to 
solve the OLED shortcomings is a huge task. A trade-off needs to be obtained here, as 
high efficiency devices are very often unstable, thus their fabrication is complicated due 
to the need of high-quality sealing. At the same time, devices employing stable 
materials and facile fabrication techniques do not perform as well as their less stable 
counterparts. A possible solution to raising device efficiency without significantly 
compromising stability is to use multi-layer structures of stable materials with carefully 
selected optical and electrical properties in combination with high-performance lower-
stability components.  
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Stability of electrodes plays an important part in overall device stability. In the 
standard conventional OLED architecture, a low-work-function cathode is the fastest to 
oxidise in ambient atmosphere out of all functional components. Therefore, for 
example, standard devices employing a Ca cathode become worthless without 
encapsulation, as Ca degrades in air within minutes [15]. Even when a device is 
encapsulated, low-work-function metals can still be affected by minute quantities of O2 
and H2O penetrating through a sealant or present underneath it [16]. Instability of 
conventional cathode materials causes the search for new electrodes, resistant to oxygen 
and water. Among possible candidates, metal oxides are a natural choice, since their 
structure is unlikely to be affected by atmospheric conditions. There are a number of 
metal oxides which demonstrate transparency in the optical region, on the one hand, and 
good charge transport properties, on the other, including ITO, ZnO and TiO2. Such 
materials may be considered as potential candidates for air-stable OLED electrodes.  
In order to maximise the performance of metal-oxide electrodes, new device 
architectures are currently sought after, with particular interest in inverted OLED 
architectures. As opposed to a conventional diode which employs a low-work-function 
metal cathode for electron injection, an inverted device uses an air-stable material, such 
as a metal oxide, to inject electrons and a high work-function metallic anode, like Au, to 
inject holes. It is possible that differences in architectures of conventional and inverted 
OLEDs will result in the difference in functioning of these devices. Therefore, a study 
of operation of inverted diodes is vital for understanding their limitations and 
establishing ways of improving their performance. On the basis of this knowledge, new 
device structures may be developed, which may employ alternative charge-injecting and 
electroluminescent materials and possess extra functionality features. 
As such, this work is dedicated to the development and study of an inverted 
metal-oxide/polymer LED architecture, and aims at improvement of brightness and 
efficiency of already existing inverted OLEDs. The work presented hereafter consists of 
the following Chapters. Chapter 1 considers the background knowledge relevant for 
understanding of some of the results presented in this thesis. Chapter 2 describes 
materials, procedures and experimental techniques used within this project. Chapter 3 
introduces an inverted hybrid metal-oxide/polymer LED (HyLED) architecture based on 
a combination of two metal oxides, ITO and TiO2, for electron injection, studies factors 
limiting device performance and makes an effort to improve the electron-hole balance in 
the device using a number of approaches. Chapter 4 focuses on optimization of device 
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fabrication parameters in high-efficiency inverted HyLEDs using a ZrO2 electron-
injecting layer. Variation of these parameters is conducted in order to elucidate details 
of the device functioning and determine ways of improving its performance. Chapter 5 
demonstrates the use of multi-component electron-injecting structures intended to 
combine good electron transport with efficient blocking of holes. Chapter 6 investigates 
the role of hole injection in a ZrO2-based HyLED and introduces the work on 
fabrication of vacuum-free devices employing a VPP-PEDOT hole-injecting electrode. 
Finally, Chapter 7 is devoted to a study of HyLED stability in comparison to an OLED 
using a conventional device architecture. The dissertation is completed with General 
Conclusions to the work and Appendices. 
 
  
Chapter 1. RELEVANT THEORETICAL BACKGROUND 
 
Rapid growth of the organic light-emitting diode (OLED) market stems at 
large from manufacturing advantages of OLEDs over competing 
technologies, their ability to operate at low voltages and potential to create 
novel high-value added products, such as flexible displays. To appreciate 
these advantages from a technological point of view, one must be aware of 
how these devices are designed and operate. This Chapter will focus on 
general properties of materials employed in OLEDs, design of these 
devices, mechanisms of their operation, and challenges, including among 
others the problem of OLED atmospheric stability. Finally a new type of 
light-emitting devices, a hybrid metal-oxide/polymer LED, intended to 
provide a solution route to the problem of OLED stability, will be 
introduced. 
 
1.1. History of inorganic and organic LEDs  
 
The first observation of electroluminescence from a diode is related to the names 
of H.J. Round and O. Losev who independently observed cold emission upon 
application of voltage across a carborundum (silicon carbide) diode in 1907 and in mid-
1920s, respectively [17]. The history of commercially attractive light-emitting diodes 
producing emission in the optically visible spectrum starts from the work of Holonyak 
and Bevacqua of the General Electric Company [6]. Following a study by Hall et al. on 
coherent infra-red light generation from gallium arsenide (GaAs) p-n junctions [18], 
Holonyak and Bevacqua observed visible red emission peaking at 710 nm from a 
gallium arsenide phosphide (Ga(As1-xPx)) p-n junction. This research paved way for 
fabrication of LEDs producing emission in green (using gallium phosphide nitride 
(GaP:N)) and blue (using gallium nitride (GaN)) [7, 8, 19]. A simple inorganic LED 
described in these works represents a p-n junction, in which electrons and holes are 
transported through n- and p-type layers, respectively, towards a depleted region at a 
boundary of these layers where recombination takes place. High purity and crystallinity 
of inorganic LED materials is critical to produce best-quality devices. Therefore 
epitaxial growth techniques, such as liquid and vapour phase epitaxy, are currently 
considered to be the most suitable for fabrication, in spite of the former method being 
relatively inflexible for use with a variety of materials and the latter suffering from 
toxicity of reactant gases and waste products [10].  
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Organic materials first appeared at the LED stage in early 1950s when Bernanose 
and co-workers reported electroluminescence from 100-200 µm-thick films of acridine 
orange and quinacrine by applying across them a high alternating electric field of up to 
2000 V [20]. These experiments resulted in the first observation of electroluminescence 
from thin films of organic materials. In mid-1960s, researchers at Dow Chemical 
developed electroluminescent phosphors by doping an organic host with an organic 
guest and an inorganic conductor compound [21]. Another attempt to observe 
electroluminescence from an organic material was made in 1969 by Dresner [22], who 
applied two solid contacts to monocrystalline anthracene to obtain emission peaking at 
430 nm with external quantum efficiency of 1 to 8%. Operating voltages for the 30 µm-
thick samples were as high as 300 V. Thinner high quality samples could not be formed 
at the time, melting and recrystallization of anthracene could not produce films of 
required quality with the problem considered be due to pinholes forming in the film 
upon solidification. 
 
a)                 b)    
Figure 1. Chemical structures of Alq3 (a) and aromatic diamine (b), the first organic molecules 
used in a small-molecule OLED 
 
The field of organic LEDs (OLEDs) was given a strong impetus after a work 
published by Tang and Van Slyke of Eastman Kodak in 1987 [23]. Their vacuum-
deposited device operated at driving voltages below 10 V and had thickness of an active 
emissive layer of less than 150 nm. The OLED prototype described by Tang and Van 
Slyke did not use a p-n junction as inorganic LEDs did. The authors managed to achieve 
green electroluminescence of intensity comparable to that of modern computer displays 
simply by sandwiching a thin film made of two organic materials, tris-(8-
hydroxyquinoline) aluminium (Alq3) and aromatic diamine (Figure 1), between anode 
and cathode electrodes, one of which was transparent. This principle has become the 
basis of all subsequent OLEDs.  
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Polymeric light-emitting devices were made viable following research on electric 
conductance in conjugated polymers. In 1963, Weiss and co-workers observed high 
conductivity in oxidized iodine-doped polypyrrole, which is a polyacetylene derivative 
[24]. In 1977 by oxidizing and doping with halogens, such as iodine, fluorine and 
bromine, Shirakawa, MacDiarmid, Heeger et al. obtained high conductivity in 
polyacetylene [25, 26]. Their work eventually resulted in the award of the 2000 Nobel 
Prize in Chemistry. In 1990 Burroughes et al. of Cambridge University were the first to 
report electroluminescence from a conjugated polymer material [27]. Their 
electroluminescent device only comprised of a solution-processed polymer layer of 
poly(p-phenylene vinylene) (PPV) (Figure 2) and two metallic electrodes. Following 
polymerization, the precursor was simply spin-cast onto one of the electrodes and baked 
to obtain a stable and uniform film. Such simplicity of fabrication immediately won 
attention of the scientific and technological world. By the end of 2002 first applications 
of conjugated polymer-based LEDs have already hit the market [28]. 
 
 
Figure 2. Chemical structure of poly(p-phenylene vinylene) (PPV) light-emitting polymer used 
in the pioneer PLED 
 
The works by Tang and Van Slyke and Burroughes and co-workers established 
the two main directions of OLED research: small-molecule organic LEDs (SMOLEDs) 
and polymer LEDs (PLEDs). In SMOLEDs the active material is typically a 
polycrystalline thin film of organic molecules deposited via thermal evaporation in 
vacuum. By contrast, the active layers in PLEDs are typically not highly crystalline and 
are generally produced from solution. SMOLEDs are known to have higher efficiency, 
however PLEDs are potentially cheaper in manufacturing.  
 
1.2. Conjugated polymers  
 
Conjugated polymers are a class of materials which have gained popularity among 
researchers relatively recently, with first reports in literature dating back to 1960s [29]. 
Apart from polymers, conjugated organic materials include oligomers and dendrimers, 
and their main feature is the presence of alternating single and double (and/or triple) 
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bonds between atoms, the majority of which are carbon. Bond alternation results in 
delocalization of 2p-orbitals situated at a normal to the plane of the molecule. If an 
electron appears in such a non-bonding 2p-orbital, it may travel easily along the whole 
polymer chain, as far as the delocalization extends. This effect is known as conjugation. 
In this section, a general theory describing the electronic structure of conjugated organic 
molecules is given. 
 
1.2.1. Electronic structure of conjugated polymers 
 
A simple theory which enables determining molecular orbital energies for π-
electrons in the outer shell of a planar, conjugated hydrocarbon molecule (either linear 
or cyclic), is the Hückel molecular orbital method proposed in 1930 by Erich Hückel. 
This method is based on the linear combination of molecular orbitals. Major 
assumptions made within the method are: 1) only adjacent atoms interact with each 
other, and 2) there is no overlap between atomic orbitals of different atoms. 
Application of the method to the simplest case of two conjugated carbon atoms (a 
molecule of ethylene) gives the shape and energies of bonding and anti-bonding π-
orbitals: 
)(
2
1
21    (1) 
and 
 E , (2) 
respectively. Here 1 and 2 are the atomic orbitals of the carbon atoms, α is a so-called 
Coulombic term which accounts for the electrostatic potential of an individual atom, 
and β is a resonance integral, representing the interaction between adjacent molecules. 
The value of β in expression (2) is negative, therefore α+β is the lower energy 
corresponding to the highest occupied molecular orbital (HOMO), which is a bonding 
orbital, and α-β is the energy of the anti-bonding orbital, also known as the lowest 
unoccupied molecular orbital (LUMO). The separation between HOMO and LUMO in 
this case is equal to 2β.  
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This treatment can be expanded to a general case of a conjugated chain of n 
carbon atoms with alternative single and double bonds (polyene chain). It can be shown 
that the energy levels of this chain are given by: 
)1(
cos2


n
k
Ek

 , (3) 
where k is an orbital number, n is generally known as the conjugation length. The 
energy gap between the LUMO and the HOMO in this case is given as  
)1(2
sin4


n
En

 . (4) 
In the ground state, all electrons in the system reside below the HOMO energy 
(Figure 3), and each of the Hückel orbitals are occupied by two electrons with opposite 
spins, according to the Pauli‟s exclusion principle. In solid state, interaction of 
individual polymer chains with each other results in formation of bands, rather than 
separated energy levels. By analogy with solid state physics, all occupied electronic 
levels below the HOMO are combined into the “valence band”, while those above the 
LUMO are denoted as “the conduction band”. 
 
 
Figure 3. Ground state representation of an organic conjugated polymer chain 
 
As suggested by expression (4), at a sufficiently large number of conjugated units 
in a molecule, separation between energy levels may become so small, that they would 
eventually merge into a continuous band. If that happened, the system could start 
exhibiting activation-less metallic conduction. This does not occur due to the “band gap 
saturation” effect taking place [30]. Theoretically the band gap saturation in conjugated 
polymers is explained by the Peierls‟ theorem, which states that the energy of an equally 
spaced conjugated chain is energetically less favourable than a chain with alternating 
length of the bonds. The length alternation, in turn, leads to the formation of an energy 
gap. For polyenes, for example, this band gap is estimated at ΔE(n large) ≈ 2.4 eV [30].  
HOMO 
LUMO 
ΔE 
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The HOMO-LUMO separation in conjugated polymers is of huge importance 
because it largely determines their properties as photoactive layers in LEDs, 
photovoltaic (PV) cells and photodetectors. Transport of charges in all of these devices 
occurs upon injection of an electron into the LUMO of a molecule, either under applied 
electric field or via absorption of a photon. In photovoltaic applications, for example, 
upon absorption of a photon by a molecule known as a donor, an electron is promoted 
into the LUMO, leaving a hole in the HOMO. This is followed by separation of the two 
charges at an interface (of donor and acceptor molecules), and transport towards 
electrodes intended to collect charges of specific polarity [31]. After reaching their 
respective electrodes, the charges can produce work in the external circuit. In organic 
LEDs, injection of an electron into the LUMO by one of the electrodes and withdrawal 
of an electron from HOMO by the other leads to formation of a bound electron-hole pair 
(called a Frenkel exciton) in the bulk of the conjugated material. Radiative 
recombination of the bound pair produces a photon. Thus in conjugated materials 
employed for PV applications, HOMO-LUMO separation determines the energies of 
absorbed photons, while in the OLED applications it determines the energies of emitted 
photons. The latter process, known as electroluminescence, is of major interest to us. 
For a brief description of criteria defining performance of a given conjugated polymer 
as an electroluminescent layer in a diode, refer to Appendix A.  
 
1.2.2. Charge injection into conjugated polymers 
 
The processes of charge injection and transport in conjugated polymers have been 
studied extensively [32-34]. In terms of charge injection there are two well-known 
mechanisms: thermionic emission and field-effect tunnelling. Thermionic emission is 
the phenomenon of electron or ion emission from a heated surface of a conducting 
material. The first report on this effect was made by O. Richardson in 1901 [35]. It was 
found that when a Pt electrode was heated in vacuum, it emitted electrons from the 
surface (Figure 4-a)). In order to detect the thermally emitted electrons in the tube, a 
small electric field was applied, allowing for the collection of the charged particles at 
the counter electrode. On an energy diagram, the process of electron emission from a 
material with work function w into vacuum can be described as given in Figure 4-b). 
Taking into account quantum mechanical considerations, in 1911 Richardson proposed 
the following expression for the thermionic current: 
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Figure 4. a) Scheme of the set-up for the study of thermionic emission from a heated electrode 
in a vacuum tube, b) diagram of electron extraction from material with Fermi level 
EF to a vacuum level, c) diagram of electron excitation from a material with work 
function w1 into a material with work function w2, d) diagram of electron transfer 
from a material with Fermi level EF into a LUMO level of an organic semiconductor 
overcoming a barrier φ = ELUMO – EF 
 





kT
w
ATJ exp2 , (5) 
where A is known as the Richardson‟s constant, T is the temperature, w is the work 
function of the material and k is the Boltzmann‟s constant. When two materials, 1 and 2, 
of work functions w1 and w2, respectively, are brought into contact with each other 
(Figure 4-c)), electrons in the material with the higher work function can be thermally 
excited into the other material. In equilibrium, this current would be balanced by the 
diffusion current flowing in the opposite direction. If a small electric field, preventing 
this diffusion current, is applied across the junction of the two materials, it may be 
possible to observe the sole thermionically injected electron current. The expression for 
the thermionic current in this case would be: 

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where  is the energy barrier between materials 1 and 2. The same expression applies 
for thermionic injection from a metal into conduction band of an insulator or a 
semiconductor (Figure 4-d)). Expression (6) may also be used to describe thermionic 
injection from a metallic electrode into a conjugated polymer layer. In this case,  is the 
barrier between the electrode work function and the polymer LUMO level. 
It was mentioned above that thermionic injection from one material into another 
can be observed even at low electric fields. In contrast, Fowler-Nordheim (or field-
effect) tunnelling is an injection mechanism which can only be observed at sufficiently 
high electric fields. The history of this effect dates back to 1897, when R.W. Wood first 
noticed emission of charges at high electric fields in a discharge tube. In 1928 the effect 
was explained by Fowler and Nordheim using the wave-mechanical formulation. They 
obtained the following expression for the current tunnelling through a surface barrier 
layer: 







F
FJ
J
232
0 exp


, (7) 
where J0 is a constant, F is the electric field, φ is the height of the triangular barrier and 
 is given by  
eh
m
3
*28
  . (8) 
In Equation (8), m* is an effective mass of the tunnelling charge carrier, an electron or a 
hole, and h is Planck‟s constant. 
 
 
Figure 5. a) Flat-band diagram of an organic semiconductor capped between two electrodes, C 
(cathode) and A (anode); b) schematics of the Fowler-Nordheim tunnelling through 
the semiconductor, induced by application of external potential V between the 
electrodes 
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The same model can be applied in the case of electron injection from a cathode 
with Fermi level EF
C
 into a low-mobility material, such as a conjugated polymer (or for 
hole injection from an anode with Fermi level EF
A
 into the polymer) [36]. When 
external electric field is applied across the polymer, the band bending occurs. If the field 
is high enough, the bending may result in formation of a triangular energy barrier for 
electron injection from the cathode into the organic material (Figure 5).  
Generally, the process of charge injection from one material into another is 
described as a superposition of thermionic emission and Fowler-Nordheim tunnelling. 
The former mechanism dominates at low electric fields, while the latter is prevalent at 
high fields. 
 
1.2.3. Charge transport in conjugated polymers 
 
Transport in organic materials can be separated into several stages: 1) transport 
through a conjugated backbone; 2) hopping between individual polymer chains; 3) 
tunnelling between conducting segments [37]. The fastest transport occurs through the 
conjugated backbone. Therefore, in order to enhance charge conduction in a particular 
direction researchers aim at aligning polymer chains along this direction. As such, in PV 
applications charge transport in the direction normal to the surface of the film is of 
interest, while for field-effect transistors (FETs) charge transport parallel to the surface 
is more important [38]. Appendix B gives a brief description of charge transport in 
conjugated polymers based on a model of quasi-particles. 
Under predominant injection of one type of charge carriers into a material with 
relatively poor carrier mobility (which is the case for some LEPs), one may observe a 
situation when fast injection is limited by slow transport. This important regime is 
denoted as the regime of space-charge limited current and obeys the following 
dependence of current, JSCLC, at applied voltage, V: 
3
2
8
9
L
V
JSCLC

 , (9) 
in which µ is the carrier mobility, ε is the dielectric constant of the material and L is its 
thickness [39]. The space-charge limited current model can be used to describe single-
carrier transport through a conjugated polymer layer.  
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1.2.4. Recombination in conjugated polymers 
 
Transport of carriers of opposite charges through an organic semiconductor may 
lead to their encounter and recombination. Since this process involves “random 
meeting” of an electron and a hole in a generally homogeneous environment, the rate of 
recombination at position x inside an organic film can be described as 
)()()( xpxnxR  , (10) 
where n(x) and p(x) are, respectively, electron and hole concentrations. Generally, this 
dependence is referred to as bimolecular, or Langevin recombination. Under the 
assumption that electron and hole mobilities are independent of the concentration of 
carriers in the film, (10) may be rewritten as  
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 ,  (11) 
in which the factor in front of n(x) is known as the Langevin coefficient. In Equation 
(11), e is the elementary charge, µe and µh are electron and hole mobilities, ε0 is the 
dielectric permittivity in vacuum and εr is the average dielectric permittivity of the 
organic material. 
In some cases (see Appendix B), recombination of charges in an organic film may 
occur through formation of an exciton and may result in emission of a photon. Exciton 
formation in OLEDs can be facilitated by slower transport of one of the charge carriers. 
This may ensure high charge density in localized regions, and enhance the probability of 
recombination within these regions. Charge accumulation at a heterogeneous interface 
may also define a recombination zone and is considered beneficial for the OLED 
efficiency [40]. Such an interface can be formed in polymer blends or via insertion of 
charge blocking layers.  
 
1.2.5. Example of conjugated polymers: Polyfluorenes 
 
Organic semiconducting materials used in the current work are conjugated 
polymers based on polyfluorene (PF). PF derivatives are a class of materials particularly 
suitable for obtaining emission in a wide spectrum of colours because they contain a 
rigid biphenyl unit, which leads to a large band gap with efficient blue emission for one 
of the best-known PF derivatives, poly(9,9-dioctylfluorene) (PFO)). Additionally, facile 
CHAPTER 1 RELEVANT THEORETICAL BACKGROUND 
33 
substitution of side elements at the remote C9 position provides possibility of 
modulating solubility of the PF derivatives without significantly affecting steric 
interactions in the polymer backbone [41].  
 
 
Figure 6. Variety of polyfluorene molecules, reproduced from Reference [41] 
 
PFO was one of the first important modifications of PF to be employed in 
fabrication of practical devices. The original report on the use of PFO in a polymer LED 
came with the study by Grice et al. [42]. The authors compared operational 
characteristics of a PLED fabricated using PFO with other blue-emitting OLEDs to note 
higher performance in the PFO device. The highest brightness reported in that work 
reached 600 cd m
-2
 at 20 V with efficiency of 0.25 cd A
-1
.  
An important PFO derivative extensively used in the current work is poly(9,9'-
dioctylfluorene-co-benzothiadiazole) (F8BT). This is a well-known yellow-green-
emitting polymer, soluble in organic solvents. A large variety of other polyfluorene-
based polymers exist (Figure 6). By addition of different conjugated units into the chain 
segment it is possible to produce polymers with various electrical and optical properties. 
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1.2.6. Polymer treatment techniques. Thermal treatment 
 
Control of organic film morphology is a very important factor in obtaining 
efficient OLEDs. In SMOLEDs desired morphology is achieved through precise control 
of the deposition in vacuum. By contrast, in polymer films used for PLEDs the control 
of morphology is more complicated. For example, while spin-casting, one of the most 
popular conjugated polymer deposition techniques, produces generally amorphous 
films, spin-casting conditions are still important as was shown by Shi et al. [43]. Their 
study pointed the influence of solvents, spin-casting speeds and polymer concentration 
on film morphology and resulting performance of light-emitting devices. One of the 
ways of controlling polymer morphology is via alignment of the chains by their 
deposition in electric or magnetic fields, as well as on a rubbed substrate or by thermal 
treatment [44-47]. Investigation of thermotropic alignment of a liquid crystalline 
polyfluorene co-polymer, F8BT, was done by Banach et al. [48]. The authors examined 
different molecular weight FBBT modifications, and in all cases observed that 
annealing above the melting point led to alignment of polymer chains on a rubbed 
substrate. The dichroic ratio, indicating the extent of chain alignment, was higher for 
smaller molecular weight samples (above 27.8 for Mw= 69000, compared 1.8 for Mw= 
188000). While in the further study, alignment of polymer chains is not targeted, it is 
demonstrated that the structure of thin films of F8BT may in fact be influenced by 
topology of substrates upon which the films reside during annealing at temperatures 
close to the polymer melting point.  
Heat treatment performed on pristine polymer layers has been shown to modify 
their optical and electronic properties. For example, in films of poly[3(4-
octylphenyl)thiophene] (POPT) annealing resulted in reduction of the optical band-gap 
by as much as 0.3 eV, corresponding to the change of 130 nm in the emission 
wavelength [49]. A detailed study of the influence of thermal annealing upon F8BT 
with different molecular weights was performed by Donley et al. [50]. The authors 
observed enhancement of photoluminescence efficiency for all molecular weights upon 
annealing. Considering that the emissive state of F8BT is strongly localized on a BT 
unit [51], efficiency enhancement was explained by polymer chain relaxation at 
elevated temperatures with adjacent BT units gaining enough thermal energy to form a 
more energetically favourable configuration by repelling each other. Longer distance 
would then hinder the transfer of emissive states between BT units and their quenching 
at low-energy non-emissive sites. An interesting observation mentioned in the work by 
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Donley and co-workers was that photoluminescence efficiency of a pristine sample 
comprising inorganic impurities was much lower than that of other samples. Annealing 
of the contaminated film above the glass transition temperature led to significant 
enhancement of photoluminescence efficiency, up to the same value as demonstrated by 
the samples without impurities. Annealing was also found to influence charge transport 
in F8BT. It was observed that modification of the polymer mobility was dependent 
upon direction of charge transport. For example, in the direction lateral to the film 
surface annealing of an F8BT film led to enhancement in charge mobility, while 
mobility in the direction normal to the film surface was reduced. 
 
1.3. Metal oxides 
 
The conventional OLED architecture which uses ITO as an anode and a low-
work-function metal as a cathode may suffer from low atmospheric stability of the 
electron-injecting electrode. Transparent metal oxides, such as TiO2, ZnO, etc., 
demonstrate good transparency and conductive properties and have served as electron 
transport layers in photovoltaic applications [52-54]. In this project, apart from 
conjugated polymers used for lighting and charge transport, (Section 1.2) the use of 
metal oxides is of interest primarily as charge transporting and blocking layers in LEDs. 
The interest to use these materials in electronic devices lies in their simple and versatile 
processing and good stability in oxidizing environments. Thus, thin metal oxide films 
performing specific functions (injection, transport or blocking) may have potential in 
producing encapsulation-free organic devices, including devices in which such films 
perform a supplementary role as encapsulating layers. 
Below some basic properties of metal oxides important for further understanding 
of their role in hybrid LEDs are described. 
 
1.3.1. Electronic structure  
 
Most physical and chemical properties of metal oxides depend on the type of 
bonding between the atoms, which in turn is determined by interaction of electrons in 
the outer shells of these atoms. Description of electronic structures can be based on the 
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models of localized and delocalized electrons, which represent two opposite cases. 
Intermediate models make an effort to unify the two approaches.  
The ionic model is an extreme case of the model of localized electrons. It 
considers electrons as being tightly bound to atoms, so that the latter are treated as ions. 
It can be expected that this model and its variations are applicable for non-metallic 
solids. The ionic model suggests that in transition metal oxides, the more 
electronegative oxygen atom drags highest energy electrons out of the metal, leaving the 
latter with a depleted d-shell. As a result, an insulating band gap is formed between 
filled oxygen 2p orbitals and empty metal d-orbitals. The crystal field theory is a 
modification of the model of localized electrons. It is used to describe electronic 
configuration of d
n
 transition metals which are perturbed by the surrounding 
environment. Transition metals have five d-orbitals, which in a spherically symmetrical 
field are degenerate. In the field of neighbouring atoms, degeneracy breakdown occurs, 
splitting the energy levels. Electronic transitions between these split d-d orbitals may be 
observed in the optical region.  
The band theory model considers electrons as waves, with wave functions and 
energies determined by the periodic crystal potential. When bringing a large number of 
atoms close to each other their atomic orbitals overlap. Electrons in overlapping orbitals 
become delocalized. The individual energy levels of atoms split and form bands of 
energies, separated by band gaps. Chemical properties of a material, as well as its 
optical and electrical properties, are determined by electrons in the highest occupied 
energy levels and their position with respect to the filled (valence) and empty 
(conduction) bands. Shapes of the bands are determined by solutions of the Schrödinger 
equation: 
 EH ˆ , (12) 
in which Hˆ  is the Hamiltonian operator which represents a sum of kinetic and potential 
energy of electrons. Solutions to Equation (12) in a crystalline periodic lattice are 
defined by wavevector k

, which determines a direction of electron motion in a crystal. 
Thus, relative positions on the energy scale of the conduction and valence bands and 
their sizes may vary with k

. This suggests two possibilities for relative positions of the 
minimum of the conduction band and the maximum of the valence band: when both 
extrema are observed for the same value of k

, and when the extrema are observed for 
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different k

 values. Thus, one can define direct band-gap (same k

) and indirect band-
gap (different k

) materials. Electronic transitions between the two extrema in direct 
band-gap materials do not require a change in k

, therefore they have high probability of 
occuring. By contrast, in indirect band-gap materials the probability of inter-band 
transitions is reduced due to the need for a change in k

. 
The band theory successfully describes a wide range of crystalline metal oxides, 
which possess metallic (CrO2), semiconducting or insulating properties (TiO2, MoO3, 
Nb2O5).  
 
1.3.2. Charge transport  
 
According to their conductive properties, metal oxides can be classified as 
insulators, semiconductors and metals. In the band theory formalism, the filled valence 
band in insulating materials is separated from the empty conduction band by a large 
energy gap. Therefore these materials do not conduct electricity, apart from at 
sufficiently high electric fields where electric discharge takes place. Intrinsic 
semiconductors are insulators, in which thermal excitations may promote electrons from 
the valence band into the conduction band. An extrinsic semiconductor is obtained 
when doping an intrinsic semiconductor with elements which produce mobile carriers, 
either electrons close to the conduction band (n-type semiconductors) or holes above the 
valence band (p-type semiconductors). Un-doped crystalline TiO2, ZrO2, NbO2, MoO3 
are typical insulating metal oxides. However when doped or slightly reduced, they 
exhibit n-type semiconducting properties. 
For an ionic semiconductor metal oxide with a large forbidden energy gap, point 
defects, such as vacancies and interstitials, account for transport properties. The point 
defect model is only applied when the defect concentration or deviation from 
stoichiometry is very small. Two common types of point defects are Schottky and 
Frenkel pairs. A Schottky pair is a pair of cation and anion vacancies, while a Frenkel 
pair is a vacancy combined with a cation or anion interstitial. 
A mechanism generally used to describe charge transport in insulating and low 
mobility metal oxides, such as Al2O3, is Poole-Frenkel transport [55]. The transport 
process in the Poole-Frenkel formalism is described as field-assisted thermal ionisation 
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of charge carriers from Coulombic traps into a quasi-conduction band. Corresponding 
current density in this case is expressed as: 





 

kT
Fq
FJ
2
exp
21
, (13) 
where F is the applied electric field, q is the elementary charge, φ is the electron 
activation energy,  is a coefficient that depends on the material‟s dielectric 
permittivity, k is Boltzmann‟s constant and T is the temperature. A simplified picture of 
the charge transport according to the Poole-Frenkel mechanism is depicted in Figure 7.  
 
 
Figure 7. Diagram of Poole-Frenkel transport through a conjugated polymer layer 
 
In metallic metal oxides the conduction band is partially filled. This allows for the 
electrons in the highest occupied states to move across the conduction band without 
activation. An example of a metal oxide possessing metallic properties relevant to this 
work is Sn-doped In2O3.  
 
1.3.3. Metal oxide deposition techniques 
 
A variety of techniques have been used for preparation of metal oxides. 
Preparation methods can be classified according to what type of phase transition takes 
place between the initial reagents and the product. Therefore one can define solid-solid, 
liquid-solid and gas-solid reactions to form metal oxides. An example of the solid-solid 
reaction is the traditional ceramic method of oxide preparation, which is based on 
grinding powders of constituent compounds and heating them. This method relies on 
diffusion of constituents through the solid material, and hence sometimes requires 
additional grinding steps during the process [56].  
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Electrochemical metal-oxide deposition is an example of the liquid-solid type of 
reactions. In this case, ionic current between electrodes immersed into a reagent-
dissolved electrolyte results in formation of an oxide on the surface of one of the 
electrodes [57, 58]. Novel methods to obtain metal oxides of various structures from 
liquid solutions, such as sol-gel chemistry, are popular due to low temperatures 
required, better morphology and purity control, etc. Morphology of metal-oxide films 
may be controlled in such solution-based processes. For example, recently Jia et al. 
suggested the use of polymers to assist deposition of layered metal-oxides [59]. 
Typical examples of the gas-solid metal oxide preparation techniques are physical 
and chemical vapour deposition (PVD and CVD) [60]. The difference between them is 
that in PVD the material composition is the same for the vapour and the oxide, while for 
CVD a chemical reaction takes place during the deposition process. High quality thin 
films of oxides, generally used in electronic components, can be obtained by high-
vacuum deposition methods, such as molecular beam epitaxy (MBE) [61]. This 
technique can produce oxide films of desired morphology; however the requirement for 
high vacuum increases the cost of production.  
Spray Pyrolysis. One of the low-cost liquid-solid methods for fabrication of high-
quality metal oxide layers is the spray pyrolysis technique. It refers to deposition of thin 
films by spraying a reagent solution onto a heated surface, where product formation 
takes place at high temperature [62]. Parameters influencing the product properties are 
substrate temperature, carrier gas flow rate, nozzle-to substrate distance, droplet radius, 
solution concentration and solution flow rate. Spray pyrolysis has proved to be an 
efficient method to produce thin films of metal oxides. The supply of oxygen for the 
second reaction may be provided either by a carrier gas, or by the surrounding 
environment. Deposition of metal oxide films in air is therefore possible since this 
would ensure the supply of "natural" oxygen. A number of metal oxides has been 
produced via the spray pyrolysis technique, including TiO2, ZnO, Nb2O5, NiO, ZrO2, 
Al2O3, SnO2, etc. [63-70]. It was demonstrated in the past that the spray pyrolysis 
technique may lead to highly pure polycrystalline films at moderate deposition 
temperatures. For example, zinc oxide was shown to obtain a pure hexagonal wurzite-
type configuration at substrate temperatures above 350°C [64]. TiO2 films in the anatase 
form for use as electrodes in DSSCs were produced at deposition temperatures above 
400°C [63]. Post-deposition annealing at approximately 500°C was found to be critical 
to obtaining photoelectrodes of high efficiency. Deposition of high optical quality Al2O3 
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films from aluminium acetylacetonate has been demonstrated using ultrasonic spray 
pyrolysis technique at deposition temperatures in the range of 450-650°C [71, 72].  
Various precursors have also been used for spray pyrolysis of metal oxides, 
including chlorides, nitrates, acetates, etc. Transparent films with excellent optical 
characteristics, such as Al2O3, ZrO2, TiO2, ZnO, are generally produced from acetates 
[62]. These films are also uniform and smooth which makes them suitable for electronic 
applications [72]. One of the possible reasons for the good quality of films produced 
from acetates is their high vapour pressure, i.e. high volatility at elevated temperatures 
[64]. This prevents contamination of the final product, for example, with carbon atoms. 
By contrast, spray pyrolysis from chloride and nitrate precursors has shown to result in 
contamination which is an undesired effect that may affect chemical and optoelectronic 
properties of sprayed films [73, 74].  
Viguié and Spitz identified the following four mechanisms of product formation 
upon spray pyrolysis, depending on which stage precursor decomposition takes place at 
[75]: 
A) a droplet of the reactant solution reaches the hot substrate, solvent then 
vaporizes, and the reaction leading to the oxide formation occurs inside the 
precipitate; 
B)  solvent evaporates before the droplet reaches the substrate in liquid form, the 
precipitate then hits the surface where the reaction occurs; 
C) before reaching the substrate, solvent in a droplet evaporates, then the 
precipitate melts and vaporizes, and the resulting vapour diffuses to the 
substrate where a heterogeneous reaction takes place; 
D) before reaching the substrate, solvent in a droplet evaporates, then the 
precipitate melts and vaporizes, and the reaction occurs in the vapour, before 
the final product reaches the substrate. 
Transition between each of these processes occurs with gradual change of the 
substrate temperature with mechanism A) corresponding to the lowest temperature 
(Figure 8). Viguié and Spitz pointed out that mechanisms A and D are not of practical 
interest for thin film deposition, since the resulting layers are either “rough or non-
adherent”. Also, according to the authors, formation of crystalline samples is consistent 
with mechanism C, while amorphous films are produced via mechanism B. 
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Figure 8. Mechanisms of spray pyrolysis at the temperature of a substrate increasing from A 
to D; reproduced from Reference [75] 
 
Using the example of decomposition of zinc acetate, a desired spray pyrolysis 
process corresponding to mechanism C comprises the following sequence of reactions 
[76]: 
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The process of film formation is briefly described as follows. Basic zinc acetate, 
Zn4O(CH3COO)6 (BZA), is produced by vaporisation (sublimation) of zinc acetate 
while approaching the hotplate. This is followed by BZA adsorption to the substrate. 
Finally, decomposition of BZA on the surface of the substrate leads to formation of 
ZnO. It can be seen that the final product consists of the desired metal oxide and an 
organic compound which is easily evaporated at a high temperature. Spray pyrolysis of 
other metal oxides occurs in a similar manner. 
Thin metal oxide films produced via spray pyrolysis have been successfully used 
in dye-sensitized solar cells and hybrid organic photovoltaic cells (DSSCs and OPVs, 
respectively). Titania and zinc oxide were employed as electron-transporting materials 
both in DSSCs and OPVs [52, 53]. For example, Palomares et al. demonstrated the use 
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of alumina, silica and zirconia as blocking layers in DSSCs to prevent electron 
recombination from an electrode back into a light-absorbing dye [77].  
Spin-casting. Spin-casting (in many cases followed by annealing) is a relatively 
facile method for deposition of thin metal oxide films. As described by Emslie et al., 
spin-casting represents application of “the desired film material, in a fluid condition, to 
a rapidly spinning disk” and retaining of “the corresponding solid film ... by evaporation 
of volatile constituents” [78]. Initially, this process was employed in preparation of 
paint and varnish layers and layers of photoresist polymer in microelectronic 
technology. The thickness of the resulting film, h, has the following dependence on the 
rotation speed (ω), solution viscosity (ν), and concentration of solid in the film (c) [79]: 
3
2
3
)-1(
~
c
vec
h , (14) 
where e is the solvent evaporation rate. Spin-casting has proved to be a very versatile 
method capable of producing films as thin as 10 nm and below. The technique has 
demonstrated its potency not only for deposition of organic layers but also in formation 
of thin films of metal oxide materials. For example, spin-casting has been employed in 
deposition of  thin doped metal-oxide layers for use as charge-transport layers in OPV 
and OLED devices [80]. Good binding and flexibility within the metal-oxide films 
prepared by spin-casting is confirmed by the study of Hashizume and Kunitake who 
demonstrated fabrication of self-supporting films of a number of widely used metal 
oxides, such as TiO2, Al2O3, etc. [81].  
 
1.4. OLED design and performance 
 
As was mentioned in the Introduction to this thesis, organic LEDs have to 
compete in the market with a range of other light-generating technologies, some of 
which have been in the market for a much longer time. One of the main criteria used for 
comparison between different technologies and architectures is device efficiency, which 
may be defined in terms of external and internal quantum efficiency and power outputs. 
Below, parameters defining efficiency of light sources are considered and processes 
influencing efficiency in the OLEDs are introduced. 
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1.4.1. Single-layer devices 
 
In a conventional one-layer structure of an OLED, an organic semiconducting 
layer is sandwiched between a transparent conducting electrode serving as an anode, 
and a metallic cathode (Figure 9-a)). A typical flat-band diagram of energy levels for 
the device components is shown in Figure 9-b). Injection of electrons from the cathode 
and holes from the anode leads to their recombination in the bulk of the organic 
semiconductor and generation of light. The organic film in this structure performs the 
functions of hole and electron transport and emission of light. A typical example of a 
single-layer OLED can be found in the seminal report on polymer light-emitting diodes 
by Burroughes et al., in which PPV plays a role of the organic semiconducting layer 
[27]. Quantum efficiency of their device was only 0.05%. The use of MEH-PPV as an 
emissive layer, along with application of Ca as a cathode, resulted in enhancement of 
external quantum efficiency up to 1% [82]. 
 
 
Figure 9. a) Typical structure of a single-layer OLED, b) energy band diagram of the same 
device 
 
In order to define the factors which govern efficiency in OLEDs one needs to 
understand the fundamental processes underlying the generation of light in these 
devices. The following stages of an elementary photon generation event can be 
identified:  
1) charge injection,  
2) charge transport,  
3) exciton formation,  
4) emissive recombination.  
In single layer devices the active layer is expected to provide efficient electron 
and hole injection, fast transport of both types of charge carriers to the recombination 
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zone, exciton formation and emission. Naturally, it is very difficult to find materials 
which possess all of these properties, although the work in this direction is ongoing in 
different groups around the world. In this respect, one of the most promising directions 
in fabrication of OLEDs using a single layer is the use of dendrimers. In a typical device 
structure, oxygen-plasma-treated ITO is used as a hole-injecting electrode, a film of 
phosphorescent dendrimer molecules in a host matrix acts as an active layer, and the 
device is capped by a Ca/Al or a LiF/Al electrode [83, 84]. An alternative solution for 
building efficient light-emitting devices lies in attributing the functions of charge 
injection, transport and emission to specific layers within a device. This approach is 
considered in more detail in the next section.  
 
1.4.2. Multilayer devices 
 
The use of several functional layers in OLEDs has led to dramatic increase in the 
device efficiencies [85]. Most importantly, it has allowed for independent choice of 
materials with required energetic and transport properties, resulting in an optimum 
OLED performance. Possible structures of multi-layered light-emitting devices are 
given in Figure 10.  
 
a)                   b)    
c)    
Figure 10. a) and b) Two-layer architectures of OLEDs, comprising electron- and hole-
transporting materials (ETM and HTM, respectively), one of which acts as an 
emissive layer (EML) and light-generation processes in them; c) a three-layer 
architecture of an OLED, separating functions of charge transport and light emission 
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Typically, fabrication of a device starts from deposition of a hole-transporting 
material (HTM) onto a transparent anode such as indium tin oxide (ITO). Then, 
depending on the architecture of the device, either an electron-transporting material 
(ETM), or an emitting layer (EML) followed by ETM, is laid on top of the HTM. In the 
former case, either an ETM or an HTM acts as an EML. Device fabrication is 
completed by deposition of a low-work-function metallic cathode. 
The architecture using multiple functional layers may solve a number of issues in 
the OLED operation, such as: 
- reducing leakage current by blocking the carriers and keeping them within 
the EML for efficient exciton formation [86]; 
- providing efficient charge and energy transport into the EML [87]; 
- preventing contamination of the EML by the electrode materials [88]; 
- reducing exciton recombination due to direct contact with electrodes [89]. 
As one can see in Figure 10, in the case of devices using multiple layers, 
recombination may take place either in one of the charge-transport layers or in a 
separate layer functioning exclusively as an emitter. Emission may also occur from an 
interface of charge transporting layers via formation and recombination of exciplexes. 
An exciplex is an electronically excited complex formed, for example, by the interaction 
of an excited molecular entity with a ground state counterpart of a different structure. 
Generally, exciplex emission is considered undesirable, however in some cases it has 
shown to be beneficial in obtaining high efficiency OLEDs [90-92]. 
 
1.4.3. OLED electrodes 
 
A design of an OLED, in which the device emits light in a direction normal to its 
surface, suggests that at least one of the electrodes employed must be transparent. 
Typical transparent electrodes have so far included tin-doped indium oxide, fluorine-
doped tin oxide, aluminium-doped zinc oxide, etc. Also more exotic electrodes are 
coming forward, such as those employing a polyaniline network, single-walled carbon 
nanotubes or poly(3,4-ethylenedioxythiophene) (PEDOT). This section describes some 
of the materials used at present as transparent conducting electrodes. 
ITO has by far been the most popular choice of a transparent electrode. This 
material is a mixture of 90% of In2O3 and 10% of SnO2 [93]. Layer resistance values 
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typically vary around 10  sq-1 for a 150 mn-thick film. It is used widely not only for 
organic displays but also in a much larger market of liquid-crystal displays, due to its 
high transparency and good conductivity. Currently, ITO represents a default choice for 
building displays, lighting panels and photovoltaic arrays. Problems with this material 
lie in its relatively narrow supply base, price volatility and incompatibility with 
fabrication of flexible devices, due to it being brittle and its conductivity changing 
considerably upon physical strain [94-96]. The search for low-cost alternatives is one of 
the ongoing directions of research. Some of the proposed ITO alternatives include 
carbon nanotubes, aluminium zinc oxide (AZO) or graphene [97-99]. 
In 1992 Heeger et al. proposed conducting films of polyaniline with resistance 
below 100  sq-1 as an ITO replacement [100]. The application of polyaniline network 
films as transparent electrodes in OLEDs was first demonstrated in 1993 by Y. Yang 
and A. Heeger [101]. By spin-coating a solution of polyaniline doped with camphor 
sulphonic acid (PAni) onto ITO, they achieved 30-50% improvement in performance of 
an MEH-PPV OLED both in terms of quantum efficiency and operating voltage. 
Currently there is still an interest in developing this material in terms of processability 
(e.g. using electrochemical polymerization) and conductivity [102]. However at present 
it is difficult for PAni to rival another polymeric conducting material, poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), as the first choice hole-
transporting layer.  
Films of colloidal PEDOT doped with PSS spin-coated from an aqueous solution 
are widely used in a variety of applications, including an antistatic agent in processing 
of photographic films, an electrode in solid-electrolyte capacitors, a source-gate-drain 
material in organic field effect transistors, and finally a hole-injection layer in OLEDs 
and organic photovoltaic devices (OPVs) [103]. Typical cited values of PEDOT:PSS 
resistance are around 500  sq-1, as reported for example for OPV applications [104]. 
Good promise is currently demonstrated by PEDOT:PSS films grown via vapour-phase 
polymerization (VPP), which were first demonstrated by Kim et al. [103]. By 
evaporating a 3,4-ethylenedioxylthiophene (EDOT) monomer onto a polymeric 
substrate, pre-treated with an oxidant, Kim and co-workers obtained conductive layers 
with resistances varying from 10
4
-10
6
  sq-1 for a 20 nm-thick film to 200  sq-1 for a 
600 nm-thick film. Gradual improvement in processing techniques allowed obtaining 
VPP-PEDOT layers of higher conductance (up to 1200 S cm
-1
), for use in fabrication of 
high efficiency ITO-free organic LEDs, as shown in the work by Levermore et al. [105].  
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Conducting carbon nanotube sheets represent a highly promising alternative to 
ITO. Sheet resistance values of nanotube films can reach 30  sq-1 (1.5×10-4 ohm cm, 
or 600 S cm
-1
) at thickness of 50 nm, as demonstrated by Wu et al. [97]. Finally, 
nanowire webs made of copper, aluminium, gold or silver with resistances less than 10 
 sq-1 have been reported, however issues with these electrodes arise due to film non-
uniformity and electromigration [106-109].  
 
1.4.4. OLED efficiency 
 
In Section 1.4.1, four stages of an elementary photon generation event have been 
identified. Each of these stages occurs with certain probability, which combined define 
the overall performance of an OLED. 
Quantum efficiency is one of the important parameters defining performance of an 
OLED in terms of the number of photons produced per electron injected. Internal 
quantum efficiency (ηint) is the ratio of the number of photons produced within the 
device to the number of electrons flowing in the external circuit [40]. It is determined by 
three constituents: the efficiency of electron-hole capture within an emissive layer (γ), 
the fraction of excitons formed as singlets (rst) and the efficiency of radiative decay of 
these singlet excitons (q): 
ηint = γ rst q. (15) 
External quantum efficiency takes into account the probability of successful light-
extraction from the device (β), so that 
ηext = γ rst q β. (16) 
A large value for the first multiplier in Equation (16) requires efficient charge 
injection into the emissive layer, good balancing of electron and hole currents and 
efficient capture of the electrons and holes. These are dependent of the relative energy 
level positions in the system and conducting properties of the materials employed. The 
use of multiple layer architectures may help optimizing this parameter. 
The value of rst is defined by a ratio of a number of excitons producing photons to 
an overall number of excitons formed during the electron-hole capture process. An 
exciton consists of one electron and one hole with spins either +
1
/2 or -
1
/2. The 
combination of the electron and hole spins, depending on their relative orientation, 
gives one singlet (S = 0) and three triplet (S = 1) excitons spin states. Unlike excitons in 
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crystalline semiconductors (Wannier excitons), excitons in conjugated polymers 
(Frenkel excitons) are strongly localized on polymer chains. This results in increased 
energy splitting between the singlet and triplet states, significantly reducing the 
possibility of cross-over between the two states. As far as in fluorescent polymers only 
singlet states produce emission, it is considered that the maximum value of rst is 
statistically limited by 25% [110]. However some experiments show that this value can 
be as high as 45%, suggesting that new theoretical models accounting for these 
observations may be required [111]. Interstate crossing between triplets and singlets is 
enhanced in some EMLs containing atoms of heavy metals. Such phosphorescent 
molecules have been successfully incorporated into OLEDs to produce very high 
efficiencies [112]. 
One way of estimating the factor q in Equation (16) is by measuring 
photoluminescence of an emissive material. The measurements are performed on films 
of luminescent molecules. It should be taken into consideration that luminescence of 
isolated molecules is generally higher than that of the solid state films, primarily due to 
attenuation of excitation at quenching sites or lower-energy interchain states [113]. It 
must be noted as well that the efficiency of radiative decay depends on the device 
architecture. The presence of buffer layers, for example, may help enhance this 
efficiency [40]. 
Apart from quantum efficiency other physical quantities are also employed to 
make comparison between various types of artificial light sources. One of such 
quantities is luminous efficacy, effL, defined as “the ratio of the total luminous flux 
emitted by a device to the total amount of input power it consumes”. The unit of 
luminous efficacy is lm W
-1
. One can also define luminous efficiency as percentage of 
the maximum efficacy achievable by a light source (equaling 683 lm W
-1
). The most 
popular quantity quoted in most OLED studies is current efficiency, effJ, measured in cd 
A
-1
. Conversion between cd A
-1
 into lm W
-1
 can be performed using a simple equation: 
luminous efficacy (lm/W) = 
V
π
×current efficiency (cd A
-1
), where V is the applied 
voltage. State-of-the-art organic LEDs currently reach up to 30 cd A
-1
 for red-emitting 
and above 60 cd A
-1
 for green-emitting devices using small phosphorescent molecules 
(at 1000 cd m
-2
), 50 cd A
-1
 for green-light-emitting dendrimers (at 400 cd m
-2
), and 3.5 
cd A
-1
 for red, 28 cd A
-1
 for green and 9 cd A
-1
 for blue fluorescent polymer LEDs [112, 
114-118].  
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1.4.5. OLED fabrication cost 
 
Fabrication methods largely determine resulting costs of light-emitting diodes. 
One of the approaches to reducing costs lies in simplifying the OLED fabrication 
procedures. Both research and industry have seen certain progress in this direction since 
the first OLEDs based on small molecules (which were deposited by evaporation in 
vacuum and therefore did not bring a significant cost reduction compared to their 
inorganic counterparts). Appearance of solution-processable polymer LEDs was one of 
the steps forward. Probably the most widespread technique for film deposition in 
laboratory conditions is spin-casting, which has been widely used in microfabrication 
and photolithography and has also recently started to be used for OLED fabrication 
[119]. Methods such as ink-jet printing can facilitate OLED fabrication significantly 
and are well suited for flexible display manufacturing [120]. Using this facile technique, 
screens made of OLED pixels can be printed directly on flexible paper-like substrates 
[121]. Naturally, solution-based methods of OLED fabrication are preferred for 
potential low-cost manufacturing. Using different combinations of techniques avoiding 
vacuum evaporation may be one of the strategies to achieve this. 
 
1.4.6. Stability of OLEDs 
 
Stability of OLEDs is normally characterized by device lifetime which is defined 
as the time required for the device to reduce in brightness by 50% under operation at 
constant current. Also, the time to reach 70% and 80% of initial luminance is employed. 
Currently cited 50% lifetimes of polymer LED are over 150 000, 198 000 and 62 000 
hours for red, green and blue light-emitting devices, respectively, at an initial luminance 
of 400 cd m
-2
 [122]. These are already reasonable for handheld mobile applications, 
however better lifetimes are desirable for high-cost applications, like TV displays. It is 
reasonable to expect the stability of an OLED device to be eventually determined by 
stability of the individual components. Therefore one of the ways to improve the overall 
device stability may lie in substitution of degradable device components. This approach 
has been taken in the design of devices which represent the main subject of this thesis – 
hybrid metal-oxide/polymer light-emitting diodes (HyLEDs). 
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1.5. Hybrid inorganic/organic LEDs 
 
Conventional OLEDs consist of organic layers sandwiched between two typically 
inorganic electrodes. Hybrid LEDs are those in which functional components, other 
than electrodes, are made of both inorganic and organic materials. There have been 
many approaches to combine “the best of both worlds”: well-defined structural, optical 
and electronic properties are required from inorganic materials, while high diversity and 
flexibility can be contributed from the side of organic materials. The most common 
example of a hybrid light-emitting device is a fully inorganic LED coated by an organic 
energy-conversion material for light re-emission at lower energies [123]. Generally 
these devices are designed to obtain white light emission. The development of organic 
electronics has led to fabrication of hybrid LEDs whose basic operation requires strong 
interplay between organic and inorganic components, each of them acting either as a 
charge transport or a light-emitting material. Section 1.5 introduces the basic 
understanding of the nature of organic/inorganic interfaces and describes some of the 
examples of hybrid devices using functional inorganic and organic components. 
Specifically, the emphasis is made on the use of metal oxides, described in Section 1.3, 
as the inorganic components. 
 
1.5.1. Polymer/inorganic interfaces  
 
When building electronic devices from components of different nature, it is 
important to understand how they interact with each other. Interfaces between inorganic 
and organic materials in films have been studied extensively [124]. The aim of this 
section is to give a general description of the picture observed at those interfaces. It has 
been observed experimentally that the nature of interaction between a pristine polymer 
and an inorganic substrate (such as a metal electrode) is different for the two cases of 
the polymer deposited on top of the inorganic material (typically using a solution-based 
method, such as spin-casting), and an inorganic material deposited (typically via 
vacuum evaporation) on top of polymer. This is explained by an observation that “no 
chemistry occurs” when a polymer is spin-cast onto a substrate in the absence of various 
treatments, such as mechanical rupturing or annealing [124]. In this case, polymer 
chains retain all of their bonds intact (Figure 11-a)). By contrast, vacuum deposition of 
an inorganic material, such as a counter-electrode, onto a polymer film may lead to 
formation of dangling bonds or doping (Figure 11-b)) [125]. In some cases, oxidation 
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may occur prior to or during evaporation, with formation of a thin insulator region 
between the polymer and the deposited layer [126]. 
 
a)        b)  
Figure 11. a) Polymer chains on top of an inorganic material, b) polymer chains covered by an 
inorganic material 
 
The diagram of energy levels in both of these cases would also be different. 
According to Salaneck et al., since many of the pristine polymers do not possess 
inherent semiconducting properties, their Fermi levels typically lie in the middle of the 
band gap. In this case, no mobile charges – electrons or holes – are present in the 
polymer. When it is brought into contact with a metal electrode, no charge transfer in 
either direction occurs. The bands therefore remain flat upon alignment of the polymer 
and the metal Fermi levels (Figure 12). This is confirmed by the measurements of the 
band off-sets in ultra-violet photon spectroscopy (UPS) studies, performed by Salaneck 
et al. [124].  
 
 
Figure 12. Energy level alignment upon deposition of a conjugated polymer onto a metal 
substrate 
 
Vacuum deposition on top of a polymer layer may result in n- or p-type doping at 
the interface as has already been mentioned. As such, evaporation of a metallic 
electrode, such as Ca, on top of the polymer layer may result in doping of the latter 
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material at the near-surface region. This may induce band bending at the polymer/metal 
interface, as in the case of an inorganic semiconductor/metal junction. Depending on the 
type of doping and relative positions of Fermi levels of the polymer and the metal, 
either an ohmic or a rectifying contact may be obtained (Figure 13-b)).  
 
 
Figure 13. Possible energy level alignment upon evaporation of a metal layer on top of a 
polymer film: a) before contact, b) upon formation of an accumulation layer and 
band-bending on the polymer side of the contact, c) upon formation of a bipolaron 
layer, d) upon formation of an insulating (oxide) layer at the interface 
 
According to Dannetun et al., the mechanism of polymer doping lies in formation 
of bipolaron bands at the interface (Figure 13-c)). This creates a conductive polymer 
region between the un-doped bulk of the polymer and the metal [127]. The type of 
doping, n- or p-type, can be controlled by the nature of a dopant material. For example, 
if LiF and CsF are evaporated, one can expect n-doping, while deposition of MoO3 will 
dope the polymer with p-type carriers. Ettedgui et al. argued that the band bending on 
the polymer side of the interface may result not from the doping of the polymer with 
molecules of an inorganic material, but due to charge transfer from the inorganic 
material into the polymer and subsequent formation of bipolaron bands [128].  
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Finally, either oxidation or formation of covalent bonds at the interface may lead 
to the appearance of a thin insulating tunnelling layer which may present a barrier for 
charge and energy transport between the materials (Figure 13-d)). Formation of a 
tunnelling barrier is characteristic, for example, of evaporation of Ca and Al on top of a 
polymer layer which has been attributed to strong reaction of these metals with organic 
surfaces [125, 126]. 
Processes occurring at the organic-inorganic interfaces upon deposition of one 
material on top of the other have a very important effect on the performance of hybrid 
electronic devices, comprised of these components. For example, the difference in the 
nature of contacts formed by spin-casting of a polyfluorene co-polymer F8BT on 
molybdenum trioxide (MoO3) and by vacuum evaporation of the metal-oxide onto the 
polymer was studieds by Morii et al. [129]. When characterizing a test device with 
structure Au/MoO3/F8BT/MoO3/Au Morii and coworkers observed an asymmetrical 
current-voltage behaviour (Figure 14).  
 
 
Figure 14. A current-voltage characteristic of the Au/MoO3/F8BT/MoO3/Au structure 
demonstrating asymmetrical behaviour due to the difference in the nature of contacts 
formed upon deposition of the polymer on top of the metal oxide and vice versa; 
adapted from Reference [129] 
 
XPS spectra of MoO3 on F8BT revealed the formation of an interface state within 
the polymer band gap, which was suggested to partly account for the asymmetry of the 
J-V curve.  
 
1.5.2. Uses of metal oxides in OLED architectures 
 
Rapid development of the field of organic electronic devices and realization of the 
potential of organic materials in terms of their diversity and flexibility, along with their 
inability to match some of the important features of inorganic materials, stirred a strong 
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interest in combining the advantageous properties of the two types of materials in order 
to create a novel approach to the building of light-emitting devices. 
Along with the attempts to use new materials, such as quantum dots, nanotubes, 
etc., there has been an interest in using oxides as functional layers in electronic devices. 
This is explained by the nature of oxides which are generally known for good thermal 
and atmospherical stability [130]. To the author‟s knowledge, the first use of a 
functional metal-oxide layer in an OLED was demonstrated in the work by Hung et al. 
in 1997 [131]. The researchers reported the use of a thermally evaporated thin layer of 
magnesium oxide (MgO) inserted between an Al cathode and an organic layer to 
observe an improvement in electron injection and device efficiency. Later, in 2002, 
Reynolds et al. employed a Li-intercalated layer of molybdenum trioxide (MoO3) to 
improve hole injection from an ITO anode into an F8BT light-emitting layer [132]. In 
these studies the researchers employed the conventional OLED architecture with a 
polymer deposited on top of the anode and covered by a cathode. Scientifically, it is 
also interesting to investigate the opposite case of the bottom electrode acting as a 
cathode. Recently, Haque et al. reported the use of an inverted device architecture with 
a nanostructured layer of TiO2 as an electron-transporting material and F8BT as a 
polymer emitter [133]. All of the examples given above demonstrate organic 
electroluminescent devices employing metal oxides as charge-injection and charge-
transport layers. One of the main differences between these devices lies in the methods 
of deposition of the metal oxide films. A special kind of such hybrid metal-
oxide/organic LEDs, which have recently gained strong interest from researchers, are 
the devices in which at least one of the charge-injecting or charge-transporting metal-
oxide layers is deposited via a spray pyrolysis technique, described in detail in Section 
1.3.3. In the next section, this type of OLEDs is considered in more detail.  
 
1.5.3. Inverted hybrid metal-oxide/organic LEDs 
 
Hybrid architectures can be used to tackle some of the issues of organic LEDs, 
such as stability. A novel approach for substituting degradable cathode materials with 
air-stable structures without losing much of the performance came with inverted metal-
oxide/organic LEDs, so-called HOILEDs [134], or HyLEDs [135]. In these devices 
efficient light-emission from a polymer material can be achieved with the help of thin 
metal-oxide layers, such as titanium dioxide (TiO2) or zinc oxide (ZnO) acting as an 
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ETM, and MoO3 acting as a hole-injecting (and possibly, electron-blocking) layer 
(HIL).  
a)             b)  
Figure 15. a) Structure of the metal-oxide/polymer LED proposed by Morii et al. (reprinted 
from Reference [134]); b) energy level diagram of the same device  
 
In 2006, Morii et al. were the first to report a device in which a spray-pyrolysis-
deposited layer of titanium dioxide acted as an electron-transporting material [134]. The 
device consisted of 5 functional components: a fluorine-doped tin oxide (FTO) cathode, 
an electron-transporting and hole-blocking layer of TiO2, an F8BT light-emitter, a 
MoO3 hole-injecting and electron-blocking layer, and an Au anode. All layers in this 
device, except for the polymer, are considered to be reasonably insensitive to being in 
air. The device structure and the energy level diagram are given in Figure 15. The 
maximum brightness of this first HyLED reached 500 cd m
-2
 at 4.8 V with current 
efficiency of the order of 0.1 cd A
-1
. Recently Morii et al. reported a hybrid metal-oxide 
polymer LED in which a several nanometer-thick layer of a cesium compound material 
(essentially cesium carbonate (Cs2CO3)) was vacuum-evaporated between the TiO2 and 
F8BT layers [136]. High brightness and efficiency (>10000 cd m
-2
 and 7.2 cd A
-1
, 
respectively) were achieved in this device due to the improved hole-blocking nature of 
the Cs compound film.  
Bolink et al. continued Morii's work on the cathode/TiO2/LEP/MoO3/anode 
devices, proposing a model for device operation and improving both brightness and 
efficiency, respectively up to 5700 cd m
-2
 and 0.6 cd A
-1
, through the use of an ITO 
cathode, which is more transparent than FTO, and optimization of the functional layers 
[137]. It has been concluded that the hole current dominates in the device operation, and 
accumulation of holes at the interface of TiO2 and F8BT induces electron injection into 
the polymer. Poor electron injection and inefficient hole-blocking ability of TiO2 have 
been identified as the main factors limiting the OLED performance. The authors 
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followed on in this direction to produce brightness levels of 6500 cd m
-2
 at 8 V with the 
help of F8BT as an EML and ZnO spray-deposited on ITO as an ETM [135]. In both 
works, the authors employed the inverted OLED architecture in which a transparent 
conductive oxide (FTO or ITO) was used to inject electrons, rather than holes, as 
practiced in the conventional OLEDs. Recently, Bolink and co-workers produced a first 
white-light emitting HyLED device using ZnO coated with Cs2CO3 as an electron-
transporting material and PFO doped with an Ir-based complex as an emissive layer. By 
varying the concentration of the dopant material the researchers managed to obtain “a 
pure white emission close to the blackbody curve characteristic in the visible spectrum” 
[138]. This result combined with atmospheric stability proposed by the HyLED 
architecture may identify a potential solution route for fabrication of encapsulation-free 
organic solid-state light-emitting devices. 
 
 
  
Chapter 2. EXPERIMENTAL METHODS 
 
This Chapter outlines materials used throughout the thesis, describes 
procedures employed for deposition of thin metal-oxide and polymer films 
and for fabrication of devices from these films, and introduces experimental 
techniques utilized in the sample and device characterisation.  
 
2.1. Materials 
 
All devices reported in this thesis were prepared on indium tin oxide (ITO) pre-
coated aluminosilicate glass substrates with sheet resistance ≤ 15  sq-1, obtained from 
Psiotec Ltd., UK. In hybrid inverted devices ITO served as an electron-injecting 
electrode (a cathode), while in conventional diodes it was used as a hole-injecting 
electrode (an anode). A typical ITO pattern on the glass substrate is demonstrated in 
Figure 16-a). Figure 16-b) shows the shape and orientation of the functional layers after 
the completion of the device fabrication on ITO. 
 
 
Figure 16. a) an ITO pre-coated substrate; b) a complete HyLED device covered with organic 
and metal-oxide films and an Au electrode 
 
Standard solvents for cleaning and sample storage included:  
 acetone (99.8%, VWR International Ltd.),  
 ethanol (99.7% - 100%, VWR International Ltd.),  
 propan-2-ol (IPA) (99%, VWR International Ltd.),  
 detergent (TEEPOL L),  
 distilled water. 
Light-emitting polymer materials used in the project were: 
 F8BT – poly(9,9-dioctylfluorene-co-benzothiadiazole), 
b) 
Au anode 
Silver paint 
Metal oxide and polymer 
coated substrate a) 
ITO 
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 PFO – poly(9,9-dioctylfluorene), 
 Dow Red F, Lumation Series 1300 (Lumation Green) and Lumation Blue 
Series 1300 (Lumation Blue), which are proprietary Lumation 
polymers. 
Dow Red F, F8BT, Lumation Green, Lumation Blue and PFO were provided by 
the Sumitomo Chemical Company, Ltd. Chemical structures and energy level positions 
for the polymers used in this thesis are given in Table 1. Chlorobenzene (99.9% purity, 
Sigma-Aldrich) was used as a solvent to produce thin polymer films via spin-casting.  
 
Polymer Chemical Structure HOMO/
eV 
LUMO/
eV 
Reference 
Dow Red F 
 
-3.1 -5.3 [139] 
F8BT 
 
-3.5 -5.9 [140] 
Lumation 
Green 
 
-2.9 -5.4 [141] 
PFO 
 
-2.9 -5.6 [142] 
Lumation 
Blue 
 
-3.0 -5.8 [116, 143] 
 
Table 1. Chemical structures and the HOMO and LUMO energy level positions of light-
emitting polymers studied in the thesis 
 
Materials used for preparation of titanium (IV) oxide (TiO2), zirconium (IV) oxide 
(ZrO2), aluminium (III) oxide (Al2O3) and zinc oxide (ZnO) thin films via the spray 
pyrolysis technique were: 
 Ti isopropoxide (Ti(OiPr)4) (97% purity, Aldrich); 
 Acetylacetone (acac) (99+% purity, Aldrich); 
 Ethanol (99.7% - 100% purity, VWR International Ltd.); 
 Zirconium acetylacetonate ((C5H7O2)4Zr) (≥98% purity, Aldrich); 
 Dimethylformamide (DMF) (99.8% purity, VWR International Ltd.); 
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 Aluminium acetate (C15H21AlO6) (Sigma Aldrich, Inc., 99%); 
 Zinc acetate dihydrate (Zn(CH3CO2)×2H2O) (Fluka, Sigma Aldrich, 
≥99.5%); 
 Deionised water; 
 Propan-2-ol (IPA) (≥99.8%, VWR International Ltd.). 
Materials used for deposition of hole-transport layers in the devices were:  
 molybdenum (VI) oxide (MoO3) powder (99.99%, Aldrich); 
 poly(3,4-ethylenedioxythiophene) doped polystyrenesulphonate (PEDOT-
PSS) (Baytron P VP AI4083, H.C. Starck GmbH). 
Thermal evaporation of Au for a hole-injecting electrode was done using gold 
wire (99.95%, Goodfellow). In experiments with Al electrodes, Al was evaporated from 
an evaporation pellet (99.999%, Aldrich). Ag conductive paint (RS Components) was 
used to ensure electric contact at the terminals. 
 
2.2. Device fabrication 
2.2.1. Cleaning 
 
The standard cleaning of the ITO substrates was conducted as follows. The 
substrates were first rinsed in acetone to remove the layer of photoresist, and then 
ultrasonically cleaned for 5 minutes in a 50:50 volume mixture of distilled water and 
detergent. The latter step was repeated with a fresh solution of water with detergent. 
After this, the substrates were rinsed in distilled water and wiped with a dry cloth to 
remove grease and dust visible by a naked eye. This was followed by sequential 
ultrasonic cleaning in acetone (2×5 minutes), a mixture of propan-2-ol and deionized 
water (in 50:50 volume ratio) (2×5 minutes) and propan-2-ol (2×5 minutes). Finally, the 
substrates were stored in pure propan-2-ol prior to deposition of functional layers. 
Before use, they were dried under flow of the nitrogen gas. 
Glassware used for spray pyrolysis of metal oxides (described below) was cleaned 
both before and after the deposition processes. Pre-deposition cleaning was aimed at 
removing occasional dust and minor amounts of grease and was done by rinsing in 
acetone and propan-2-ol. Post-deposition cleaning of the samples was performed by 
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rinsing in acetone, followed by ultra-sonic cleaning in acetone for a minimum of 10 
minutes, followed by rinsing in propan-2-ol and drying at 80°C in an oven. 
Vials for storage of light-emitting polymer (LEP) solutions were cleaned in a 
similar way to the ITO substrates: by ultra-sonic cleaning sequentially in acetone (2×5 
min), propan-2-ol/deionised water (2×5 min) and propan-2-ol (2×5 min). After 
ultrasonication, the vials were dried at 80°C in an oven. The cleaning of pipettes used 
for measuring of the light-emitting polymer (LEP) solutions during the spin-coating step 
was performed in the same manner, excluding the step of cleaning in acetone. 
 
2.2.2. Spray pyrolysis 
 
Non-mesoporous (dense) metal-oxide layers of TiO2, ZnO, ZrO2 and Al2O3 were 
deposited via an “aerosol pyrolysis” technique, also known as “spray pyrolysis”, i.e. by 
spraying a reagent precursor solution onto a substrate heated to a high temperature in 
atmospheric conditions [62, 144]. The deposition temperature generally used herein in 
producing of metal-oxide films is 450°C, unless otherwise stated. 
 
 
Figure 17. The spray-pyrolysis setup used in the current work; the apparatus comprises the 
following components: 1) a hotplate, 2) a spray atomizer, 3) a solenoid pinch valve 
(Asco Numatics, normally closed, 24 Vdc), 4) a nitrogen gas cylinder (BOC), and 5) 
a computer 
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A setup built for spray pyrolysis of the metal-oxide films is demonstrated in 
Figure 17. The central element of the apparatus is a standard all-glass spray atomizer 
(Manufacturer: CAMAG) consisting of a conical reservoir and a spraying device. The 
spray nozzle diameter on the spraying device is 1 mm. The distance from the nozzle of 
the spray atomizer to the centre of the hotplate has been set to 26 cm, while the tilting 
angle of the atomizer was set to 40° relative to the vertical position. With the help of a 
carrier gas flow, the spraying device is able to intake a reagent solution from the 
reservoir through a capillary, to then direct it in an aerosol form along with the gas flow.  
During a standard deposition process, the ITO substrates were heated on the 
hotplate to the required temperature within approximately 10 min. Then a precursor 
solution was sprayed from the atomizer with the help of a nitrogen carrier gas flow. The 
duration of each spray repetition, a period of delay between repetitions and their number 
were controlled by a pinch valve connected to a computer. A LabVIEW software for 
automation of the spray pyrolysis process has been created by Simon King, Chemistry 
Department, Imperial College London. A general view of the LabVIEW interface on the 
computer screen is presented in Figure 18.  
 
 
Figure 18. LabVIEW interface for automation of spray pyrolysis 
 
Block diagrams of the spray pyrolysis control software are given in Appendix C. 
 
2.2.3. Spin-casting 
 
Thin mesoporous metal oxide films of TiO2 and ZrO2, all LEP layers and a hole-
transporting layer of PEDOT-PSS were deposited by means of the spin-casting 
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technique. The setup for spin-casting and a typical process of thin film deposition are 
presented in Figure 19-a) and Figure 19-b), respectively. Film deposition during the 
spin-casting was conducted as follows. A substrate was fixed on a rotating holder by 
suction of the vacuum pump. A film-forming solution was spread throughout the whole 
surface of the substrate, and the substrate was then rotated at a speed generally above 
1000 rpm to produce a thin uniform film. Parameters which must be taken into account 
in the spin-casting process are concentration of the film-forming solution, speed of 
rotation, acceleration rate of the substrate holder and duration of spinning. All these 
parameters affect both thickness of the deposited films and their uniformity [79]. 
 
 
Figure 19. a) Spin-coater (2) connected to a nitrogen or air gas cylinder (1) and a vacuum pump 
(3); b) spin-coating process: fixing a substrate on a holder (I), putting a solution of 
required material onto the substrate using a pipette (II), spinning the substrate with 
the solution at high speed to obtain a thin and uniform film (III) 
 
Solutions for spin-coating of F8BT, PFO, Dow Red F, Lumation Green and 
Lumation Blue were normally prepared in atmospheric conditions by dissolving 10 mg 
of a dry polymer in 1 ml of chlorobenzene, unless otherwise stated. The solutions were 
b) 
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filtered before the deposition. Polymer layers were deposited by spin-casting 50 μl of 
the solution at 2000 rpm (maximum acceleration) for 1 minute at atmospheric 
conditions. Prior to the substrate rotation, a film-forming solution was spread 
throughout the whole surface of the substrate using a 2-200 μl pipette (VWR) and a 2 μl 
pipette with a filter (Ovation Tips) to ensure the absence of dust particles. The solution 
was then allowed to adhere to the substrate for 20-30 s for improved film uniformity. 
During the spin-casting of PEDOT:PSS only the 2 ml pipette was used and no time was 
allowed for adhesion. The substrate was then rotated at a speed of 2000 rpm for 1 min. 
 
Polymer Dow Red F F8BT 
Lumation 
Green 
PFO 
Lumation 
Blue 
Tann, ºC 250 290 250 250 250 
 
Table 2. Typical polymer annealing temperatures 
 
In the studies involving polymer annealing, the organic layers were annealed after 
spin-coating at temperatures above their melting points for 20 min in a nitrogen 
atmosphere, unless otherwise indicated. Typical annealing temperatures (as shown on a 
hotplate) for the polymers used in this work are given in Table 2. 
 
2.2.4. Electrode evaporation 
 
A hole-injecting layer of MoO3 was deposited from powder in a Mo boat at 5∙10
-6
 
mbar prior to deposition of gold. Because of either its low melting temperature of 795°C 
or being in a powder form, MoO3 requires deposition at low rate of 0.01-0.02 nm s
-1
. 
During the deposition it may lose a degree of stoichiometry partly turning from MoO3 
into MoO2. 
Au or Al anode was deposited by vacuum evaporation at 5∙10-6 mbar through a 
shadow mask, giving a device area of 0.02 cm
2
. Thickness of the metal layer was 100 
nm unless otherwise indicated in the text. First 10 nm of the metallic film were 
deposited slowly at the rate 0.02 nm s
-1
 to produce a uniform and smooth contact with 
the underlying layer. After that, the evaporation rate was ramped up to 0.2-0.5 nm s
-1
. 
Prior to device characterization, silver conductive paint was put onto the six metal 
fingers and two bare ITO ends for contact terminals. 
 
CHAPTER 2 EXPERIMENTAL METHODS 
64 
2.3. Measurements 
2.3.1. Optical methods 
 
UV/visible absorption spectra of were obtained using Shimazu UV-1601 UV-
visible spectrophotometer. Luminescence spectra were obtained using a Fluorolog 
HORIBA Jobin Yvon spectrometer unless otherwise indicated. The angle of incidence 
onto the samples in luminescence measurements was chosen to be 30° so that to reduce 
direct reflection of the incident beam into the detector. In order to measure 
electroluminescence spectra of devices the Fluorolog HORIBA Jobin Yvon 
spectrometer was used in conjunction with a Keithley 2400 source meter. Single-photon 
counting (SPC) measurements were performed with the help of a Jobin Yvon IBH 
Fluorocube laser system, employing 404 nm excitation and a 530 nm high pass filter for 
emission detection. Differential interference contrast microscopy (DIC) measurements 
were performed using an OLYMPUS BX51 upright microscope. 
 
2.3.2. Atomic force microscopy (AFM) 
 
AFM measurements were performed using a Pacific Nanotechnology setup. All 
experiments were done at a 1µm, 10µm and 30µm scales in contact mode. 256×256 
pixel resolution was chosen for the micrographs. 
 
2.3.3. J-V-L and operational stability measurements 
 
Current density-voltage-luminance (J-V-L) measurements were performed using a 
setup shown in Figure 20. The setup operated by varying the driving voltage stepwise 
and records the values of voltage, current and luminance demonstrated by an LED pixel 
into a TXT file. The software allowed adjusting the compliance current, a delay period 
between counts, the step of the voltage variation and the surface area of the device. Due 
to the inverted architecture of the measured devices, negative values of the voltage in 
the software corresponded to the forward bias. Thus during a standard measurement, 
applied voltage typically swept from a low reverse bias (positive values of voltage 
typically below 4 V) to a high forward bias (negative voltage values above 10 V). Most 
of the measurements were performed with the delay period of 0.2 seconds and a step 
size of 0.2 V. The software for automation of measurements and collection of data was 
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programmed in LabVIEW by Xuhua Wang, Department of Physics, Imperial College 
London. An interface window of the data acquisition software is shown in Figure 21. 
 
 
Figure 20. The setup for measuring current-voltage-luminance characteristics of LEDs. The 
setup consists of the following components: 1) a home-made sample holder with 
possibility of checking 6 device pixels on a substrate separately, 2) a home-made 
switch for changing between pixels, 3) Keithley 2400 source meter, 4) Konica 
Minolta LS-100 luminance meter, 5) a computer 
 
 
Figure 21. A LabVIEW interface for measuring current-voltage-luminance characteristics of 
HyLEDs 
 
In the studies of the HyLED stability, the same equipment was used as for the J-
V-L measurements (Figure 20). Control of the experiment and recording of the acquired 
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data are performed with the help of a computer-controlled LabVIEW environment. 
Parameters used for communicating with the Konica Minolta LS-100 luminance meter 
to the LabVIEW software are given in Table 3.  
 
Baud rate 4800 
Data length 7 bits 
Parity Even 
Stop bit 2 bits 
 
Table 3. Konica Minolta LS-100 luminance meter communication parameters [145] 
 
 
Figure 22. A LabVIEW interface for measuring the Operating Time-Luminance characteristics 
of HyLEDs 
 
The software allowed for data collection in two modes: under constant driving 
current, and under constant driving voltage. As most measurements of OLED stability 
reported in literature are done in the constant driving current mode, so were all of the 
measurements reported herein. A snapshot of the software interface is given in Figure 
22. The parameters which can be controlled using the software included the driving 
current/voltage (Source Level), a number of data points (Counts), a delay period 
between application of driving current/voltage and measurement of luminance (Source-
Camera Delay), a compliance level (Compliance) and a delay period between data 
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points (Delay). Description of operation procedures and LabVIEW block-diagrams 
created for the OLED stability measurement software are given in Appendix D. 
 
  
Chapter 3. HYBRID METAL-OXIDE/POLYMER LIGHT-
EMITTING DIODES USING A TiO2 ELECTRON-
INJECTING LAYER 
 
This Chapter investigates limitations of the hybrid inverted metal 
oxide/polymer light-emitting diode (HyLED) employing a titanium dioxide 
(TiO2) electron-injecting layer (EIL). Herein, an effort is made to improve 
electron injection from TiO2 into an F8BT emissive layer (EML) using 
different approaches in order to enhance the device efficiency. In the first 
approach, modulation of electron injection is targeted through the use of 
dipolar self-assembled monolayers (SAMs) inserted between the EIL and the 
EML. Next, the use of a nanostructured electron-injecting layer is reported 
with an aim of enhancing electron current. Finally, an enhancement in the 
device performance is demonstrated upon substitution of TiO2 with a wide-
bandgap metal oxide zirconium dioxide (ZrO2), which is attributed to a 
better hole-blocking character of the latter material. 
 
3.1. Introduction 
 
Inverted hybrid metal-oxide/polymer LEDs are a relatively new class of organic 
electronic devices which have recently attracted attention due to the prospect of leading 
to the light-emitting diodes capable of combining the “best-of-both-worlds”. Good 
stability of inorganic and high performance of organic counterparts may offer a 
possibility of fabricating encapsulation-free devices in which the high-efficiency 
organic components are protected by the inorganic parts playing functional roles in the 
device operation. As described in Section 1.5.3, the architecture of an inverted hybrid 
LED is based on a combination of several layers: a transparent conducting cathode 
(fluorine-doped tin oxide, FTO, or tin-doped indium oxide, ITO), an electron-injecting 
layer (EIL) (typically a metal-oxide), an emissive polymer layer (EML) (with F8BT 
initially being the most popular choice), a hole-injecting material (HIL) (typically 
MoO3) and a gold anode (Figure 23-a)). The device is fabricated by sequential 
deposition of the latter four layers on a substrate pre-patterned by the transparent 
electrode: the EIL and the EML are deposited by solution processing techniques, spray 
pyrolysis and spin-casting, while the HIL and the anode are generally evaporated in 
vacuo.  
Historically, the first material to be used in an inverted hybrid metal-
oxide/polymer LED as an EIL was titanium dioxide (TiO2) [134]. This metal oxide is 
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employed widely in hybrid electronic devices, most notably in dye-sensitized and 
hybrid organic/inorganic solar cells [52, 53]. It possesses good transparency in the 
optical range, excellent electron-transport properties, and, as was demonstrated in 
photovoltaic applications, a favourable conduction band edge for efficient electron 
transfer between the work function of a transparent cathode (such as ITO or FTO) and 
the LUMO level of an organic active layer [53]. Additionally, the wide band gap of 
TiO2 (3.2 eV) and the position of its valence band edge below -7 eV imply a barrier of 
more than 1 eV for hole leakage when typical light-emitting polymers with HOMO 
levels above -6 eV are used [146].  
According to the currently accepted model of the HyLED operation proposed by 
Bolink and colleagues, holes are expected to be the dominant charge carriers due to an 
ohmic injection at the active layer/MoO3 interface [137]. The following arguments have 
been presented to support the idea of domination of the hole current during device 
operation. Firstly, by omitting the HIL from the device structure the researchers 
observed reduction in the device current by almost six orders of magnitude, which 
demonstrated poor electron injection from TiO2 into the active layer. Secondly, in order 
to test how reduction in the hole current would affect device efficiency, the authors 
performed doping of F8BT with a small amount (up to 7%) of N,N′-diphenyl-N,N′-
bis(3-methylphenyl)-(1,1′-biphenyl)-4,4′-diamine (TPD) molecules, acting as hole traps. 
This led to significant reduction in both current and luminance of the diodes, 
demonstrating a strong dependence of the overall current on the current of holes. The 
reduction in luminance was attributed to the electron injection depending of on the 
accumulation of holes at the TiO2/active layer interface. It must be noted that the 
influence of TPD doping on excited states of F8BT has not been studied separately, but 
preliminary studies by Morgado et al. and band gap considerations suggest that there is 
no energy transfer between these molecules and, hence, no quenching of the polymer 
luminescence by TPD [147]. This may support Bolink and colleagues‟ argument that 
the drop in the F8BT electroluminescence efficiency in the TiO2-based HyLED upon 
the doping is due to the reduction in the hole current which causes the drop in the 
electron injection.  
The role of the TiO2 EIL in the structure of a HyLED was investigated by Morii 
[148]. When comparing the current density-voltage (J-V) curves of devices using 
oxygen-deficient and oxygen-rich TiO2 layers and a nanostructured TiO2 layer, the 
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author observed certain similarities in them and corroborated the role of titanium 
dioxide as primarily a hole-blocking layer.  
Efficiencies of various HyLED devices using a TiO2 EIL and an F8BT LEP range 
from 0.05 to 0.6 cd A
-1
 [133, 137, 149]. These figures are significantly lower than the 
current efficiency values of the order of 10 cd A
-1
 achieved in the conventional OLED 
architecture using the same emissive polymer and a low-work function cathode, such as 
Ca [150]. An evident limitation of the inverted device architecture, according to its band 
diagram (Figure 23), lies in the large barriers for electron-injection from ITO into TiO2 
(1 eV) and from TiO2 into F8BT (0.3 eV). By contrast, in the conventional diode 
architecture the barrier for electron injection from the Ca cathode (with the work-
function of -2.9 eV) into F8BT (with the LUMO of -3.5 eV) is absent. Thus, taking into 
account the mechanism of HyLED operation proposed by Bolink et al., high barriers for 
electron injection in the inverted device architecture may result in misbalance of the 
electron and hole populations in the active layer, which may play an important role in 
limiting the device performance. 
 
a)      b)
 
Figure 23. a) Energy diagram of a HyLED using TiO2 as an electron-transporting layer; b) 
energy diagram of a conventional OLED employing a Ca cathode for electron 
injection into an F8BT emissive layer. The conventional diode has an architecture 
presented in the work by Yan et al. and uses an electron-blocking layer (EBL) to 
help enhance its efficiency [150]. In the HyLED architecture, MoO3 is expected to 
act as an EBL. Arrows demonstrate the barriers electrons must overcome in order to 
be injected into the emissive layer 
 
Considerations given above lead to the realization that electron injection from the 
ITO/TiO2 electrode represents an important limiting step in the device operation. By 
contrast, hole injection using a MoO3 buffer layer between the metal electrode and the 
active polymer is considered ohmic [151]. Morii et al. observed the formation of an 
interface state within the polymer band gap upon thermal evaporation of molybdenum 
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dioxide on top of F8BT [129]. Nakayama et al. confirmed this result and also reported 
the bending of the F8BT HOMO level towards the polymer Fermi level which was 
attributed to diffusion of the MoO3 molecules into the polymer [152]. The presence of 
the mid-gap interface state was found to be intrinsic to the contact formed upon the 
thermal evaporation of MoO3 on top of F8BT, as it was not evidenced upon spin-casting 
of the polymer on top of the metal oxide. When MoO3 was deposited on top of a 
different green light-emitting material, Alq3, the interface state was not observed either. 
Thus, Nakayama and coworkers suggested that a unique contact was formed upon the 
thermal evaporation of MoO3 onto F8BT. Their results also inferred that it was the 
formation of this contact that was responsible for the reduction in the hole-injection 
barrier in the inverted devices. 
Several strategies have been demonstrated for improving electron injection in the 
inverted hybrid LED architecture. Among the first, nano-scale structuring of the 
TiO2/F8BT interface was proposed by Haque et al. [133]. The use of the nanostructured 
architecture with PFO employed as a hole-transporting material led to an enhancement 
in the current flowing through the device and reduction in the luminance turn-on 
voltage. A light-emitting F8BT layer used in this study was deposited via a dipping 
procedure and, hence, emission originated from polymer chains interpenetrated into the 
mesoporous TiO2 matrix.  
An alternative strategy was proposed by Bolink et al. who substituted the TiO2 
EIL with ZnO [135]. The latter metal oxide was suggested to provide superior electron 
conduction thereby ensuring stronger electron injection into the polymer and higher 
device efficiency. The conduction and valence band edges of ZnO and TiO2 are very 
similar, so the energy offsets at the EIL/EML interfaces are expected to be the same in 
the devices comprising these materials.  
The third strategy of improving the EIL injection properties was presented in a 
recent study by Hsieh et al. [153]. The authors employed a thin dipole interlayer pointed 
away from the surface of the metal oxide to raise the work function of the EIL and 
reduce the offset between the EIL conduction band and the active layer LUMO, and 
observed high luminance from a PPV-based LEP, which did not produce any emission 
when used with an un-treated TiO2. In this respect, taking into account the predominant 
role of TiO2 as a hole-blocking material, as suggested by Morii, a question arises 
whether raising the conduction band edge of TiO2 influences its hole-blocking abilities, 
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for example, through concomitant lifting of its valence band edge and reducing the 
barrier for hole leakage [148].  
In the following, results of the studies aiming at improvement of performance of 
the TiO2-based HyLEDs are presented. With the help of the approaches described above 
– based on the use of dipoles, a nanostructured morphology and alternative EIL 
materials – an attempt is made to enhance the HyLED efficiency and through this gain a 
better understanding of the device operation.  
 
3.2. Experimental details 
 
Devices reported in this Chapter were fabricated in air up to the stage of 
deposition of the hole-injecting layer. Following the standard cleaning procedure, TiO2 
was sprayed onto ITO-pre-coated substrates which were kept on a hotplate set to 450°C. 
Solution for TiO2 spray pyrolysis was prepared from the mixture of Ti(O
i
Pr)4 with 2,4-
pentanedione in the 2:1 molar ratio dissolved in ethanol to obtain the 0.25 M 
concentration of Ti atoms. Prior to the deposition of TiO2, the reagent solution was 
filtered using a 0.2 µm cellulose acetate membrane filter (Minisart, Sartorius Stedim 
Biotech GmbH). During the process of deposition, a spray-gun was held vertically at the 
distance of 20 cm above the samples. The carrier gas was nitrogen with its pressure 
adjusted for the solution spraying rate of 10 mL min
-1
. The spraying was performed in 
repetitions with duration of 1 s, separated by a period of 20-30 s. Duration of each spray 
repetition gave approximately 2 nm of the metal oxide layer. Following the spray 
deposition, the samples were annealed at 450°C in a furnace for 30 minutes to ensure a 
polycrystalline structure of TiO2 and remove the remaining organic contaminants. 
Deposition of a non-porous (dense) layer of ZrO2 for experiments reported in 
Section 3.6 was performed in a similar way to the spray pyrolysis of TiO2. Deposition 
of zirconium dioxide was carried out from a 0.066 M solution of zirconium 
acetylacetonate in DMF [154]. A magnetic stirrer was added into the solution for 
efficient dissolution of the zirconium precursor, and the solution was aged overnight. 
Prior to the deposition, the solution for spray pyrolysis of ZrO2 was filtered using a 0.2 
µm PTFE filter (VWR International). Upon deposition of ZrO2, duration of each spray 
repetition was adjusted to give an approximately 1-nm-thick layer of the metal oxide. 
Post-deposition annealing of ZrO2 was conducted in the same way as for TiO2. 
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Preparation of titanium (IV) oxide nanoparticle paste for studies reported in 
Section 3.5 was conducted as follows. First, the precursor solution was prepared by 
mixing 9.12 g of glacial acetic acid with 40 ml of Ti(O
i
Pr)4 whilst stirring under argon 
atmosphere, then the solution was allowed to cool. In the meantime 240 ml of a 0.1M 
solution of nitric acid (65%) in deionised H2O was prepared in a conical flask. While 
vigorously stirring the acid solution with a magnetic stirrer, the precursor was added to 
it. The mixture was left stirring for 8 hours at 80ºC to achieve peptization, following 
which it was filtered through a 0.45 µm syringe filter. After this, the solid content of the 
sol was checked by evaporation of the solvent and heating at 450ºC for at least 30 min. 
If necessary, the sol was diluted to the weight concentration of 5% of TiO2. 80 ml of the 
5% TiO2 sol were poured into a Teflon liner of a pressure bomb, and the bomb was 
securely closed and put into an oven at 220ºC for 12 hours for nanoparticle growth to 
take place. Once the bomb had cooled down, an ultrasonic horn was used to break 
aggregates. With the help of a rotary evaporator the paste was concentrated to contain 
12.5% of TiO2 (by weight), and Hydroxypropyl cellulose (HPC, Mr = 370,000 g mol
-1
, 
Sigma-Aldrich) was added to prevent particle aggregation and help produce porous 
films. Finally, the paste was stirred overnight at low speed (about 1 Hz) and then left for 
storage in a refrigerator. 
Deposition of the TiO2 mesoporous layer was conducted by diluting the 
nanoparticle paste in distilled water at a concentration of 200 mg ml
-1
, and spin-casting 
of the resulting solution onto an ITO substrate. Prior to the spin-casting, the 
nanoparticle solution was ultra-sonically stirred for 30 minutes to prevent particle 
aggregation. Spin-coating was conducted at 2000 rpm for 1 min. The procedure was 
completed by annealing of the resulting thin films in air at 450°C for 20 minutes.  
In the study of the influence of self-assembled dipole monolayers (SAMs) on 
HyLED performance (Section 3.4), six benzoic acid derivatives were employed, 
namely: benzoic acid (BA), 4-chlorobenzoic acid (CBA), 4-cyanobenzoic acid (CNBA), 
4-fluorobenzoic acid (FBA), 4-methoxybenzoic (para-anisic) acid (MBA) and 4-
nitrobenzoic acid (NBA). Chemical structures of these compounds and their supplier are 
given in Table 4. The SAMs were deposited onto TiO2 by immersion of the metal oxide-
coated samples overnight into a 1mM solution of the benzoic acid in acetonitrile (≥ 
99.9%, VWR International Ltd). Prior to deposition of an active polymer layer the 
substrates were rinsed in acetonitrile to remove benzoic acid molecules which were not 
attached to the surface of TiO2. The procedure was finalized by drying the samples in a 
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flow of nitrogen gas. A reference device in this study was prepared by dipping a TiO2 
coated sample into pure acetonitrile.  
 
Benzoic acid derivative Chemical Structure Supplier, purity 
Benzoic acid (BA)  
 
Aldrich, 99% 
4-chlorobenzoic acid (CBA)  
 
Aldrich, 99% 
4-cyanobenzoic acid 
(CNBA) 
 
Aldrich, 99% 
4-fluorobenzoic acid (FBA) 
 
Fluka, ≥98% 
4-methoxybenzoic (para-
anisic) acid (MBA) 
 
Aldrich, 99% 
4-nitrobenzoic acid (NBA) 
 
Fluka, ≥98% 
 
Table 4. Chemical structures of benzoic acids used in Chapter 3, their supplier and purity 
 
Light-emitting layer of F8BT was spin-cast from a 10 mg ml
-1
 solution of the dry 
polymer in chlorobenzene. The solution was filtered prior to deposition. Spin-casting 
was performed from the typical amount of 50 μl at the speed of 2000 rpm (with 
maximum acceleration) for 1 minute. MoO3, Al and Au were evaporated in vacuum at 
the rates of 0.01-0.4 nm s
-1
 and the base pressure of 4×10
-6
 mbar through a shadow 
mask, giving a device area of 0.02 cm
2
. 
 
3.3. Preliminary studies of operational principles of HyLEDs using 
TiO2 as an electron-injecting material 
 
To confirm the hole-dominating character of the device operation, in accordance 
with the operation mechanism proposed by Bolink and colleagues, one may suggest an 
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experiment in which the hole current through the diode would be reduced upon raising 
of the hole injection barrier. In order to avoid influencing optoelectronic properties of 
the active layer when reducing the hole current, the MoO3 HIL can be retained, and 
substitution of the device anode with one having a smaller work function can be 
proposed. As such, substitution of the Au anode with Al in the inverted HyLED 
architecture is shown to lead to a decrease in both device current and luminance (Figure 
24), an effect similar to the one obtained by doping of the active layer with hole traps.  
Based on the data presented, the following arguments may lead to the same 
conclusion about the dominance of the hole current as that of Bolink and colleagues‟ 
[137]. Taking into account that the work functions of Au and Al are, respectively, -5.1 
eV and -4.2 eV, an increase in the hole injection barrier upon substitution of gold with 
aluminium amounts to almost 1 eV. However, even when this large hole injection 
barrier is introduced, the device still manages to produce efficiency and maximum 
luminance of the order of those for the reference diode. In other words, reduction in 
hole injection does not lead to significant deterioration in the electron/hole balance, 
which may imply that the hole population in the HyLED during its operation is 
significantly larger than the electron population.  
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Figure 24. a) Comparison of J-V (left ordinate, full symbols) and L-V (right ordinate, open 
symbols) curves for HyLED devices using MoO3/Au (squares) and MoO3/Al 
(triangles) anodes and ITO as a cathode, TiO2 as an electron-transporting layer and 
F8BT as a light-emitting material; b) current efficiency-current density 
characteristics of the same devices as in a) 
 
According to Morii, the role of TiO2 in the HyLED operation is as a hole-blocking 
layer. This however does not deprive it of its role as a layer facilitating electron 
injection. Figure 25-a) shows evolution of the J-V curve of a diode with a simple 
ITO/F8BT/Au structure upon insertion of a buffer layer of TiO2 between the transparent 
conducting oxide, acting as a cathode, and the polymer. MoO3 is intentionally omitted 
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in these devices to avoid the necessity to account for possible electron-blocking effects 
at the polymer/MoO3 interface. Significant reduction in the current can be observed 
which is attributed to TiO2 acting as a blocking layer either for electrons or for holes, or 
for both types of charge carriers. At the same time, when the titania layer is introduced 
into the same diode structure with an Al anode, the current increases markedly, as can 
be seen in Figure 25-b). This leads to the conclusion that the role of TiO2 is in 
improving electron injection into the active layer when inserted on the electron-injecting 
side of the device. The Al cathode creates a larger hole injection barrier than Au, and 
therefore, in the absence of MoO3, it may not be able to ensure the dominance of the 
hole current in the device, which is supported by the difference in the J-V characteristics 
of the devices in which the TiO2 layer is omitted.  
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Figure 25. a) J-V curves of devices with structures ITO/F8BT/Au (black, squares) and ITO/TiO2(30 
nm)/F8BT/Au (grey, squares); b) J-V curves of devices with structures ITO/F8BT/Al 
(black, triangles) and ITO/TiO2(30 nm)/F8BT/Al (grey, triangles) 
 
The above examples demonstrate the importance of using an EIL such as TiO2 for 
hole blocking and electron injection. In the following a focus is made on improving the 
performance of the titania EIL and enhancing the device efficiency. 
 
3.4. Modulation of electron injection using dipolar self-assembled 
monolayers (SAMs) 
 
In this section the use of dipolar self-assembled monolayers (SAMs) on the 
surface of TiO2 is demonstrated as a way of improving the performance of an inverted 
HyLED. The influence of dipoles on the work function of a material they are attached to 
is depicted schematically in Figure 26. The work function of a material, i.e. the work 
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needed to extract an electron, can be represented by an electric field at the interface of 
the material with vacuum 
0E

, which acts to preserve the electron inside the material. 
The presence of a dipole at the interface leads to the formation of a dipole-induced 
electric field 
dE

. This field is combined with 
0E

 to obtain a superposition field 
dEE

0 . Depending on the direction of dE

, this may lead either to an increase of the 
work-function up to w1 (Figure 26-b)), or to its reduction to w2 (Figure 26-c)). 
 
 
Figure 26. A diagram demonstrating an influence of dipoles present on the surface of a material 
on its work function: a) no dipoles are present on the surface; b) the dipoles are 
directed towards the surface of the material; c) the dipoles are directed away from 
the surface of the material 
 
 
Figure 27. A schematic diagram of a HyLED using self-assembled dipole monolayers; also 
given are relative orientations and moments of the dipoles used in this study. Blue 
and red circles represent electrons and holes, respectively 
 
In order to modify surface energetics of the TiO2 film and modulate electron 
injection into F8BT, benzoic acid derivatives with varying dipole moments were 
deposited on top of the metal oxide layer. The dipole molecules used in this study were 
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NBA (4-nitrobenzoic acid), CNBA (4-cyanobenzoic acid), FBA (4-fluorobenzoic acid), 
CBA (4-chlorobenzoic acid), BA (benzoic acid) and MBA (4-methoxybenzoic (or para-
anisic) acid). The carboxyl group of the benzoic acids is well-known to attach to TiO2, 
and this effect may be employed to obtain self-assembled dipole layers on the surface of 
the metal oxide (Figure 27). The majority of these dipoles are arranged so that to have 
their moments directed towards the surface of TiO2, and therefore are expected to 
increase the metal oxide work function. 
Devices comprising dipolar layers were characterized immediately after 
fabrication to prevent possible degradation. Comparison of the J-V and L-V curves of 
the devices is given in Figure 28, where current-voltage-luminance characteristics of the 
device with no dipoles (dipped overnight into pure acetonitrile before the polymer 
deposition) are included as a reference. The above-mentioned hole build-up at the 
TiO2/F8BT interface and subsequent hole-induced electron injection from the metal 
oxide may influence both the charge flow and luminance at high voltages. Therefore, 
the general trends in the J-V and L-V characteristics are considered only at low 
voltages, where the hole build-up is not significant. 
a)
1.0 1.2 1.4 1.6
0
1
2
3
4
5
 
 
C
u
rr
e
n
t 
d
e
n
s
it
y
/ 
m
A
 c
m
-2
Voltage/ V
b)
2.0 2.2 2.4 2.6 2.8 3.0
10
-1
10
0
10
1
 
 
L
u
m
in
a
n
c
e
/ 
c
d
 m
-2
Voltage/ V
 
Figure 28. a) and b), respectively, J-V and L-V curves of devices comprising various dipolar 
molecules between an electron-injecting TiO2 and a light-emitting F8BT layer: NBA 
(short dash, stars), CNBA (dash dot, diamonds), FBA (dot, reverse triangles), CBA 
(dash, triangles), BA (solid, circles), untreated (thick solid, open squares) and MBA 
(grey solid, grey squares); the data for the device with no dipoles, referred to as 
„Solvent‟, is given for comparison 
 
Taking into account that the hole injecting part is the same in all devices, it may 
be suggested that the differences in J-V curves have originated due to the dipole layers 
inserted between the metal oxide and the polymer films (Figure 28-a)). One can see that 
the current threshold decreases as dipole moments of molecules in the SAMs increase 
while pointing into the surface of TiO2, with only the MBA device dropping out of the 
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trend. This trend can be understood from the model outlined by Kruger et al. [155]. 
According to this model, equilibration of the Fermi levels of TiO2 and an organic layer 
adjacent to it results in band bending in both of the materials and formation of the 
depletion region. The presence of dipoles may influence the band bending and, hence, 
the size of the depletion region at the interface. For example, a dipole pointing towards 
TiO2 reduces the bend bending and leads to the narrower depletion region, thus 
facilitating electron injection. Alternatively, the difference in the J-V curves in Figure 
28-a) could be explained from the position of modulation of the EIL work function due 
to the presence of dipoles on its surface, which is described in Figure 26. As such, the 
built-in voltage formed in the devices upon the Fermi level equilibration in the absence 
of the applied bias is expected to reduce, as the work function of the electron-injecting 
material is raised. As a result, the external bias, which is needed to be applied to reach 
the flat-band condition, is reduced as the SAM dipole moment grows while pointing 
towards TiO2. According to this model, in the case of the strongest dipole moment 
studied here, NBA, the built-in (or flat-band) voltage is expected to be the lowest. 
Finally, it is reasonable to assume that current turn-on voltage correlates with flat-band 
voltage, thereby identifying a possible relationship between the SAM dipole moment 
and the current turn-on voltage in the device.  
The reason for the J-V characteristics of the MBA SAM not following the trend 
demonstrated by other benzoic acids is not fully understood. A number of possible 
causes may be assumed to have an effect, including the chemical and steric 
considerations. This point is not dwelt on further and the remainder of the results are 
considered with main attention directed to the luminance-voltage characteristics. 
L-V curves of the devices under study show the trend opposite to the J-V 
characteristics, with larger dipoles pointing toward the TiO2 resulting in higher 
luminance turn-on voltages (Figure 28-b)). Since in the model of the device operation 
described earlier, electron injection appears to be the limiting and, therefore, the 
luminance-defining process, modification of the electron-injecting interface is indeed 
expected to affect the luminance turn-on voltage. Variation of the metal oxide work 
function due to the presence on its surface of a dipolar SAM may either increase or 
decrease the energy offset (i.e. the injection barrier) between the TiO2 conduction band 
edge and the F8BT LUMO. For example, a dipole pointing away from the metal oxide 
is expected to reduce this offset/barrier and hence assist electron injection. As a result, 
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in this case, the luminance is expected to be observed at a lower applied voltage. For the 
dipoles directed towards the TiO2 layer, an opposite effect may be expected. 
The effect of the dipole-induced modulation of the TiO2/F8BT electron injection 
barrier can be observed on the plot of the luminance turn-on voltage versus the change 
in the contact potential difference (ΔCPD) of the EIL, which is a measure of the metal 
oxide work function (Figure 29). The CPD values of the dipole-treated TiO2 were 
obtained from Reference [155]. A linear relationship can be seen between the CPD 
variation and the luminance turn-on voltage in the devices.  
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Figure 29. Relation between luminance turn-on voltage values for devices using a TiO2 EIL 
covered with SAMs versus changes in contact potential difference (work function) 
of the dipole-treated TiO2  
 
Explanation of the direct relationship between ΔCPD and the luminance turn-on 
voltages for the studied range of dipolar SAMs requires accurate modelling of charge 
injection, transport and recombination processes in the devices. A possible approach to 
gain a simplified view on the matter may be based on the Fowler-Nordheim tunnelling 
mechanism for electron injection and Langevin-type recombination of the injected 
carriers (See Sections 1.2.2 and 1.2.4) [156]. The former mechanism suggests the square 
law dependence of injected current (i.e. linear dependence of the number of injected 
electrons) on the applied electric field and its inverse dependence on the charge 
injection barrier at the high-field approximation. Assuming, according to the expected 
mechanism of the HyLED operation, the dominance of the hole population at the 
F8BT/TiO2 interface, it may be possible to arrive at a linear dependence of the 
luminance turn-on voltage on the injection barrier, and therefore, on the variation in the 
CPD of the EIL.  
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Modulation in the TiO2/F8BT electron injection barrier due to the presence of the 
dipole layers results in variations in the device efficiency, as seen in Figure 30. There is 
an apparent dependence of the efficiency on the dipole moment: increasingly higher 
moments directed towards the metal oxide result in progressively smaller efficiencies 
(Figure 30-a)). This consistency is violated at very high current densities (Figure 30-b)), 
due to possible reasons described below.  
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Figure 30. Current efficiency versus current density characteristics at low currents for devices 
using different benzoic acid derivatives: NBA (stars, short dash), CNBA (diamonds, 
dash dot), FBA (reverse triangles, dot), CBA (triangles, dash), BA (circles, solid), 
untreated (open squares, thick solid) and MBA (grey squares, grey solid) 
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Figure 31. Variation of maximum current efficiency in devices employing different benzoic 
acid derivatives with changes in the contact potential difference of the TiO2 EIL 
 
Plotting the maximum current efficiencies in the devices employing different 
dipolar SAMs against the corresponding changes in the CPD produces a graph depicted 
in Figure 31. The efficiency appears to peak for the HyLED using CBA. This is 
unexpected considering that BA, solvent and MBA-treated TiO2 work functions are 
expected to be lower than that of TiO2 functionalised with CBA, and hence are assumed 
to provide the smaller electron injection barriers.  
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a)                   b)   
Figure 32. Diagram demonstrating an evolution of the TiO2/F8BT interface upon insertion of a 
SAM of dipoles, d, directed towards the metal oxide surface; the dipoles raise both 
the vacuum level and the TiO2 work function, leading to enhancements in barriers 
for electron injection and hole blocking. a) No dipoles present on the surface, b) the 
dipoles directed towards the metal oxide surface are inserted between TiO2 and 
F8BT 
 
Although the reasons for the observed current efficiency behaviour are not fully 
understood, in the light of studies reported by Morii, the following possible rationale 
could be highlighted [148]. Figure 32 depicts changes in the relative energy level 
positions and interface barriers when depositing a dipolar monolayer between TiO2 and 
F8BT, with the dipole moment pointing towards the metal oxide. In accordance with an 
earlier description, the effect of the dipole lies in raising the vacuum level at the metal 
oxide/polymer interface. Eventually this leads to an enhancement in the electron-
injection barrier, φEIB,0, which is undesired for the device efficiency. However, at the 
same time, due to the parallel shift in the conduction and valence bands, the barrier for 
hole-blocking (φHBB,0) is also increased, which is expected to be more important. The 
blocking of holes at the interface may assist electron injection indirectly, through 
formation of an induced field caused by the accumulated holes, and this field helping to 
attract electrons into the active polymer layer [137]. As such, the use of the dipoles 
pointing away from TiO2 (not shown) is expected to reduce both offsets between the 
metal oxide conduction band (CB) and F8BT LUMO, and between the polymer HOMO 
and the TiO2 valence band (VB). According to the assumed operation mechanism, this 
would increase the leakage current of holes (causing reduction in the device efficiency), 
albeit improving electron injection (and therefore, helping to improve the efficiency). 
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Taking into consideration the above arguments based on the generally accepted 
model of device operation, it is possible to suggest that there may be a trade-off between 
reducing/raising the electron-injection barrier and decreasing/increasing the barrier for 
hole leakage, as both may lead to opposite effects on the HyLED efficiency. Thus one 
of the possible explanations of the maximum current efficiency peaking for the CBA 
SAM on TiO2 is that this dipole provides sufficiently high hole blocking barrier, while 
maintaining a relatively low electron-injection barrier, to result in the optimum balance 
of electron and hole currents. Detailed modelling of device operation may clarify 
relative contributions in overall improvement in the device efficiency of reduction in the 
electron-injection barrier and raising of the hole-blocking barrier. Additionally, 
variations in optoelectronic properties of the emissive layer in contact with certain 
dipoles, chemical interface reactions, resistive and tunnelling effects in the SAM layers, 
may also account for the current efficiency behaviour observed in Figure 31. Study of 
the influence of each of these factors is a subject of another investigation. 
 
3.5. Influence of TiO2/F8BT interface nanostructuring  
 
Understanding process of charge injection between inorganic and organic 
materials is one of the fundamental challenges in the field of hybrid organic/inorganic 
LEDs. Various parameters may be responsible for efficient charge injection in these 
devices: morphology of the interface, relative position of the energy levels and intrinsic 
properties of the materials. The influence of interface morphology is of most interest 
due to recent developments in nanotechnology, demonstrating unexpected and 
fascinating properties of materials and devices when characteristic sizes of interacting 
components are shrunk to those at which quantum effects start playing a role. Recalling 
the model of HyLED operation proposed by Bolink et al. and the earlier discussion 
suggesting predominant hole current in operation of a HyLED, enhancement of electron 
injection is targeted in order to improve the efficiency [137]. Such enhancement in 
interfacial charge transport has previously been observed in dye-sensitized solar cells 
(DSSCs) which use a mesoporous network of TiO2 nanoparticles covered with light-
absorbing dye molecules to generate high photocurrent upon electron transport from the 
dye into TiO2 [52]. In the past, Haque et al. employed the inverted hybrid LED 
architecture similar to the one used in DSSCs and witnessed enhancement in the device 
current, accompanied by reduction in the luminance turn-on voltage [133]. Herein these 
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results are confirmed, and an insight is made into the operation of the nanostructured 
HyLED and its performance limitations. 
To investigate the effect of TiO2 nanostructuring upon electroluminescent 
characteristics of the hybrid metal-oxide/polymer diode, two types of devices using Au 
anodes were fabricated (Figure 33):  
- ITO/TiO2 (dense)/F8BT/Au (Device I),  
- ITO/TiO2 (dense)/TiO2 (mesoporous)/F8BT/Au (Device II). 
The dense TiO2 layer with thickness of 30 nm was deposited via spray pyrolysis, 
while the mesoporous layer was fabricated by spin-casting, as described in Sections 
2.2.2 and 2.2.3, respectively. Deposition of a 60-nm thick active layer of F8BT was 
performed via spin-casting from a 10 g l
-1
 solution in chlorobenzene. Devices were 
completed by thermal evaporation of 100 nm of Au as an anode. Unlike in the standard 
HyLED architecture, a hole-injection layer (HIL) of MoO3 was omitted in the devices 
described herein, in order to avoid potential electron-blocking effects. 
 
a)              b)   
Figure 33. Energetic diagrams of Devices I (a)) and II (b)), with or without a mesoporous TiO2 
layer (m-TiO2), respectively; F8BT acts as an electroluminescent layer, while ITO 
and Au are used as a cathode and an anode, respectively 
 
Figure 34-a) and Figure 34-b) demonstrate operational characteristics of Devices I 
and II. It is notable that Device II shows higher current and significantly reduced 
luminance turn-on voltage compared to Device I for both thicknesses of the dense TiO2. 
It must be noted that the luminance turns on at a lower voltage in Device II, despite the 
fact that introduction of the nanostructured layer is expected to reduce the average 
electric field across the device and increase its series resistance. This is consistent with 
an enhanced electron injection in Device II due to the larger TiO2/F8BT interface. 
Stronger electron injection is expected to balance the ratio of electrons and holes within 
the emissive layer and produce luminescence at lower voltages and current densities. 
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Difference in the gradients of luminous efficacy versus current density curves is 
apparent for both cases. While efficiency grows with current in Device I, in Device II it 
reduces from the maximum value obtained at the onset of luminance as the current is 
increased. The growth in efficiency with current in Device I due to an initially fast rise 
in electron injection with growing voltage ceases at current densities of approximately 
300 mA cm
-2
. This is then followed by the gradual drop in efficiency. 
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Figure 34. a) Current density-voltage (left ordinate) and luminance-voltage (right ordinate) 
characteristics of Devices I (black squares) and II (red triangles) with the dense TiO2 
layer thickness of 30 nm; b) effL-J (luminous efficacy versus current density) 
characteristics of the same devices as in a) 
 
The eventual drop in efficiency in both Devices I and II upon reaching a certain 
current density suggests that there may be no fundamental difference in the operation of 
these devices. Efficiency decrease is caused in both cases by the growth of the leakage 
current, which may be either the current of holes or electron, or both types of carriers. 
The difference lies in Device II showing visible emission at lower current densities and 
voltages. 
Now the role of the dense TiO2 layer in the architecture of Device II can be 
investigated. Figure 35 demonstrates current density-voltage-luminance and luminous 
efficacy-luminance diagrams of Device II with different thicknesses of this layer. As 
one can see, growth in the thickness of dense TiO2 leads to the reduction in current, 
luminance and efficiency, and to the increase in the luminance turn-on voltage. It may 
also be noticed that insertion of the dense metal oxide layer results in current density 
dropping by two orders of magnitude in the interval between 0 and 1 V. Figure 35-b) 
shows that upon omission of the dense TiO2 layer, efficiency behaves in the same 
manner versus current density as in the devices comprising this layer. The role of the 
dense TiO2 layer in flat HyLEDs has previously been considered (Section 3.1), and it 
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was suggested that it improves the device performance affecting both electron injection 
and hole blockage. At a higher thickness of dense TiO2, electron injection is impeded 
due to weaker electric fields for the Fowler-Nordheim tunnelling to take place and 
larger series resistance, although these are compensated by the lower hole leakage to 
obtain an overall increase in efficiency. The data in Figure 35 demonstrates that the 
presence of the dense TiO2 layer in Device II does not benefit the diode performance. 
Although the leakage current may be reduced (as suggested by reduction of the current 
density by two orders of magnitude in the interval from 0 to 1 V, Figure 35-a)), this 
does not help lift the efficiency. This implies that the electron-hole balance may be 
impaired with increasingly thick dense TiO2. Since the presence of this layer does not 
affect any processes at the interface with F8BT, its influence presumably lies in 
deterioration of the electron injection.  
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Figure 35. a) Comparison of J-V (left ordinate, full symbols) and L-V (right ordinate, open 
symbols) characteristics of diodes having the structure of Device II with different 
thicknesses of the dense TiO2 layer: 0 nm (black squares), 30 nm (red circles) and 60 
nm (green triangles); b) effL-J characteristics of the same devices as in a) 
 
To obtain the full picture of the effect of using a nanostructured TiO2 layer as an 
electron-transporting material, comparison of Device II with the same device using 
MoO3 as a hole-injecting material is demonstrated in Figure 36. Operational 
characteristics of a standard HyLED device in which the nanostructured layer is omitted 
are also plotted on the same graphs. Enhancement in current density is observed upon 
insertion of the hole-injection layer into Device II. This is accompanied by a rise in 
brightness and efficiency by approximately two orders of magnitude. When insertion of 
MoO3 is followed by omission of the nanostructured TiO2 layer, both luminance and 
efficiency are increased further. Comparison of currents in the devices comprising the 
HIL shows that the presence of mesoporous TiO2 enhances current only at voltages up 
to approximately 1 V. Above this voltage, current in the HyLED using the flat TiO2 EIL 
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demonstrates the higher values. A characteristic “two-shoulder” shape of the current 
density versus voltage curves in diodes comprising the nanostructured layer can be 
noticed in Figure 36-a). The similar shape can be observed in the other nanostructured 
devices presented earlier. In the MoO3-comprising device, the shoulders appear at 0.8 V 
and 2.4 V, while in the device not using molybdenum trioxide the respective positions 
are at 1.7 V and 2.8 V. The origin of each of the “shoulders” may relate to overcoming 
of a certain injection barrier and an onset of strong injection of one type of the charge 
carriers. Taking into account that the flow of holes is considered to be ohmic in the 
devices with MoO3, it may be reasonable to attribute the “shoulder” between 0 V and 
1.5 V to the predominant hole injection. This is consistent with the nanostructured 
device without MoO3 demonstrating much lower current in this region because of the 
poorer hole injection. The second “shoulder” starting its rise between 1.5 V and 2 V and 
observed for both nanostructured devices is attributed to the onset electron injection. 
From the comparison of currents below 1 V in the flat and nanostructured devices, one 
can suggest that holes are not blocked efficiently by the mesoporous TiO2 layer. This 
may be the major reason for generally poorer device efficiencies in the nanostructured 
devices (Figure 36-b)).  
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Figure 36. a) J-V (left ordinate, full symbols) and L-V (right ordinate, open symbols) 
characteristics of Device II (squares), Device II with a MoO3 layer inserted between 
F8BT and Au (diamonds) and Device I with a MoO3 layer inserted between F8BT 
and Au (stars); b) effL-J of the same devices as in a), inset shows magnification to 
lower current density values 
 
Another possible reason may lie in efficient quenching of the organic layer 
luminescence by the mesoporous metal oxide, in the same way as in hybrid organic and 
dye-sensitized solar cells [52, 53]. Higher current in the HyLED without the 
mesoporous layer at voltages above 1 V may be attributed to the smaller series 
resistance in this device as compared to the one using nanostructured TiO2. Luminance 
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turn-on voltage in the nanostructured HyLED using the MoO3 HIL appears to be 0.2 V 
higher than in the respective non-mesoporous device. This is opposite to what has been 
seen in Figure 34-a) for devices without the HIL, in which the luminance turn-on 
voltage in the nanostructured diode was 4 V smaller than in the flat device. This 
transformation suggests the important role of hole current in electron injection and may 
further support the idea of hole-assisted electron injection occurring in this class of 
organic electroluminescent devices. 
Results presented herein seem to be in accord with the observations by Kabra et 
al. who compared the performance of dense and mesoporous TiO2 EILs in the HyLEDs 
using the MoO3 HIL, and found that the devices using the former electrode produced 
higher efficiency [149]. Nanostructuring however may help increase device efficiency 
at low applied currents. According to the study presented here, this is observed below 
150 mA cm
-2
, corresponding to luminance of approximately 40 cd m
-2
, as can be seen in 
the inset of Figure 36-b).  
To conclude, studies on the influence of nanostructuring of an electron-injecting 
layer of TiO2 upon the performance of the HyLED have been reported. The findings 
demonstrate some of the possible benefits of using a mesoporous nanocrystalline 
injection electrode. The results seem to suggest that nanostructuring results in a 
reduction of device efficiency at moderate and high current, though it may also lead to a 
higher efficiency at low current and luminance levels. In this respect, it is sensible to 
expect that the larger area of the TiO2/F8BT interface may enhance not merely electron 
injection, but also the processes of hole leaking and luminescence quenching in the 
device. Within the model of the dominant hole current the former aspect may, in fact, 
have a stronger effect. In this light, a possible approach to making use of the 
nanostructured HyLED architecture could be to use materials with better hole-blocking 
capabilities than TiO2. 
 
3.6. Comparison of TiO2 and ZrO2 EILs 
 
The dominance of hole current assumed in operation of the inverted metal-
oxide/polymer LEDs using F8BT active polymer layer is one of the main characteristics 
of this class of organic light-emitting devices [137]. By contrast, in conventional 
OLEDs employing the same active polymer layer the hole current was determined to be 
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injection-limited, and electrons were suggested to be the dominant carriers when a low-
work function cathode was employed [157]. Enhancement in efficiency of the HyLEDs 
may be achieved through reduction in hole leakage and/or improvement in electron 
injection. There have been efforts in the past to employ these approaches in order to 
raise the device performance. For example, Morii et al. introduced a thin layer of Cs 
compound between TiO2 and F8BT to help improve the hole blocking ability of the EIL 
[136]. In another example, Bolink et al. substituted TiO2 with ZnO in the same device 
configuration to obtain higher device brightness and efficiency which was attributed to 
better electron transport in the latter metal oxide [135]. Comparison of relative 
improvements in efficiency in both of these examples infers that hole confinement due 
to a larger hole-blocking barrier may have a more profound effect on the device 
performance than the enhancement in electron injection: while substitution of TiO2 with 
ZnO improves device brightness and efficiency only by up to a factor of 1.5, deposition 
of the Cs compound on TiO2 leads to an almost 5 times improvement in brightness and 
more than 10 times improvement in current efficiency. Deposition of the Cs compound 
however was done by thermal evaporation in vacuum, which may significantly 
complicate the fabrication of devices and impair their reproducibility. For deposition of 
the polymer layer, the samples must be taken out of the vacuum chamber, and then 
positioned there again for evaporation of the hole-injecting material and the anode. 
 
                           
Figure 37. Transformation of a HyLED energy diagram upon substitution of the TiO2 electron-
transporting layer with ZrO2  
 
With the above in mind, an alternative to TiO2 with an improved hole-blocking 
ability has been sought for. One of such materials is ZrO2. This metal oxide is known to 
have a high conduction band edge of ~-3.0 eV and a deep valence band edge of            
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~-8.7 eV (in TiO2 the conduction band edge is varies between -(3.8-4.2) eV and the 
valence band values range from -7 eV to -7.4 eV) [134, 137, 158]. It is expected that the 
deep valence band of ZrO2 may help improve hole blocking in the HyLED, thereby 
reducing the leakage current and enhancing the device efficiency. It is also reasonable to 
anticipate that the higher conduction band of ZrO2 compared to TiO2 may enable a more 
efficient electron injection into the LUMO of F8BT, as well as other polymers typically 
used for organic LEDs. Last but not least, the large band gap of ZrO2 may help prevent 
exciton quenching at the F8BT/metal oxide interface. To test these assumptions, two 
HyLEDs using either ZrO2 or TiO2 as EILs were fabricated. Band diagrams of these 
devices are given in Figure 37. The thickness of the electron-injecting layers in both 
devices was approximately 40 nm. The thicknesses of other layers were ~60 nm for 
F8BT, 20 nm for MoO3 and 100 nm for Au.  
Current density-voltage-luminance (J-V-L) and efficiency-current density (effL-J) 
characteristics of both devices are given in Figure 38. It can be noticed that the current 
density in the TiO2-HyLED is significantly higher than that in the device comprising 
ZrO2 in both forward and reverse biases. Additionally the shapes of the J-V curves at 
forward bias are very different. Large current through the TiO2-device may be the 
evidence for the predominant injection and transport of one of the charge carriers. On 
the basis of the previous findings, this is associated with the dominant transport of 
holes, which are not blocked efficiently by the TiO2/F8BT interface.  
a)
-4 -2 0 2 4 6 8 10
10
-6
10
-4
10
-2
10
0
10
2
10
4
10
-1
10
0
10
1
10
2
10
3
10
4
10
5
 
 
C
u
rr
e
n
t 
d
e
n
s
it
y
/ 
m
A
 c
m
-2
Voltage/ V
L
u
m
in
a
n
c
e
/ 
c
d
 m
-2
b)
0 500 1000 1500
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
 
 
C
u
rr
e
n
t 
e
ff
ic
ie
n
c
y
/ 
c
d
 A
-1
Current density/ mA cm
-2
 
Figure 38. a) Current-voltage (left ordinate, filled symbols) and luminance-voltage (right 
ordinate, open symbols) characteristics of devices with ITO/EIL/F8BT/MoO3/Au 
architecture, using 40-nm thick metal oxide layers of TiO2 (squares) and ZrO2 
(triangles) as an EIL; b) effL-J characteristics of the same devices as in a) 
 
By contrast, the HyLED with ZrO2 demonstrates two regimes in the growth of 
current: moderate growth up to ~5 V, and rapid growth above 5 V. The luminance turn-
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on is also observed at ~5 V. Maximum luminance for ZrO2-HyLED reaches 9919 cd m
-2
 
at 9.8 V which is more than an order of magnitude higher than the respective value of 
745 cd m
-2
 for the TiO2-HyLED. The difference in the maximum efficiencies           
(1.41 cd A
-1
 versus 0.03 cd A
-1
) amounts to a factor of almost 50 (Figure 38-b)). 
Taking these observations into account, the following possible model of operation 
of the ZrO2-HyLED can be suggested. Below 5 V the dominant charges travelling 
through the device are holes due to an ohmic contact created by the combination of Au, 
MoO3 and F8BT. Holes are transported through the polymer layer to the interface with 
the metal oxide, where they are blocked by the large barrier between the F8BT HOMO 
and the ZrO2 valence band edge. Meanwhile, insufficient electric field does not allow 
electrons to be injected into the ZrO2 conduction band from ITO. When the applied 
voltage reaches ~5 V, electrons overcome this barrier, travel through the metal oxide 
and can be injected into F8BT without any activation (as can be inferred from the 
positions of the ZrO2 conduction band and the F8BT LUMO). At voltages above 5 V, 
the rise in luminance and efficiency is supported by strong growth in the electron 
current.  
The positive influence of ZrO2 may lie not only in an improved hole blocking, but 
also in a more efficient exciton confinement inside the polymer layer. The position of 
the TiO2 conduction band (-3.8 eV) relative to the F8BT LUMO (-3.5 eV) may induce 
exciton dissociation at the interface. In fact, this is one of the operation principles in 
dye-sensitized solar cells: light excitation in an organic dye in close contact with TiO2 
leads to electron transfer into the metal oxide [159]. An important factor here is that due 
to accumulation of holes at the interface of the metal oxide and the polymer, excitons 
may be also formed close to the quenching interface. Based on these considerations, in 
the case of ZrO2 EIL, the position of the ZrO2 conduction band relative to the F8BT 
LUMO (Figure 37) is not expected to induce exciton dissociation.  
For an independent analysis of this point, photoluminescence spectra of F8BT 
deposited on flat titanium dioxide and on flat zirconium dioxide have been measured 
(Figure 39). The thickness of the polymer layer in this study was approximately 10 nm, 
the optical densities of the polymer layers on both metal oxides were similar. The 
difference in the photoluminescence spectra presented in Figure 39 is evident. The 
spectrum of F8BT on TiO2 is narrower and has a blue shift compared to the one of 
F8BT on zirconia. On the one hand, this may be explained by quenching of the low 
energy excited states in F8BT by TiO2, which agrees with the assumptions presented 
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above. On the other hand, the shift of the photoluminescence spectrum of F8BT 
deposited onto TiO2 and ZrO2 may be caused by interference of light in the thin 
polymer and metal oxide films. Although the latter effect may explain the small 
difference in F8BT photoluminescence spectra, it less likely to account for more than 
two orders of magnitude difference in efficiency of HyLEDs employing the two metal 
oxides. 
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Figure 39. Photoluminescence spectra of F8BT on compact films of TiO2 (green line) and ZrO2 
(red line); the wavelength of excitation is 470 nm 
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Figure 40. Photoluminescence decay spectra of F8BT on compact films of TiO2 (green line), 
ZrO2 (red line). The decay spectrum of F8BT on ITO (blue line) is given as a 
reference to demonstrate an extent of possible polymer quenching. Excitation 
wavelength is 404 nm, while a high pass filter at 530 nm is used for emission 
detection 
 
Quenching of F8BT luminescence may be confirmed using single-photon counting 
(SPC) studies on polymer samples deposited on sprayed films of TiO2 and ZrO2 [160]. 
The results are presented in Figure 40. Fitting the spectra using a single-exponential 
decay form produces the following values for the decay lifetime parameter: τ = 1.25 ns 
for TiO2, and τ = 1.33 ns for ZrO2. For comparison, the decay lifetime for F8BT on ITO 
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is τ = 0.91 ns. Somewhat longer lifetime of the LEP on ZrO2 than that on TiO2 may 
imply that the latter metal oxide offers higher probability for quenching of the polymer 
photoluminescence. This assumption correlates with positions of the conduction band 
edge for zirconia and titania of ~-3.0 eV and –(3.8-4.2) eV, respectively, and a 
conduction level (work function) of ITO of approximately -4.8 eV.  
Apart from the improved hole blocking and exciton confinement, the use of the 
ZrO2 EIL may provide an activation-less electron injection from zirconia into F8BT due 
to the relative positions of their energy levels. It is unclear at this stage which of the 
factors – hole blocking, exciton confinement or barrier-free injection – has the dominant 
effect on the improvement in the device performance, but all of them can be expected to 
play a role. 
 
3.7. Conclusion 
 
In this Chapter, three strategies of improving performance of an inverted hybrid 
metal-oxide/polymer LED with the structure ITO/TiO2/F8BT/MoO3/Au were tested, 
such as modulation of electron injection with the help of dipolar SAMs, use of a 
nanostructured architecture to enhance electron injection, and employing an electron-
injecting material alternative to TiO2. Dipolar SAMs inserted between the EIL and EML 
were shown to affect charge injection and luminance characteristics with their influence 
suggested to lie in modulating the energy level offsets between the EIL conduction band 
edge and the EML LUMO, and between the EML HOMO and the EIL valence band 
edge. Nanostructuring of TiO2 was suggested to enhance electron injection, albeit at the 
expense of the hole-blocking ability. Nanostructured device morphology may still 
however have a positive effect due to the ability to produce visible light at lower current 
densities and voltages than in the flat devices. Since the results presented above suggest 
that TiO2 does not provide good hole confinement within the polymer layer an 
alternative material was sought for to provide efficient hole blockage. Substitution of 
TiO2 with ZrO2 led to a considerable improvement in the device performance both in 
luminance and efficiency, presumably due to the large hole blocking barrier provided by 
zirconia. It is also a possibility that the position of the ZrO2 conduction band edge along 
with its wide band gap may prevent quenching of excitons at the interface of the EIL 
with the organic emitter.  
  
Chapter 4. PARAMETERS INFLUENCING 
PERFORMANCE OF A HYBRID POLYMER/METAL-
OXIDE LIGHT-EMITTING DIODE USING A ZrO2 
ELECTRON-INJECTING LAYER  
 
This Chapter focuses on the study of the use of zirconium (IV) oxide (ZrO2) 
as an electron-injection material in a hybrid metal-oxide/polymer LED 
architecture, exploring its application in red-green-blue emitting diodes, 
and investigating the role of various device fabrication factors on the device 
performance. Such factors in the presented study include parameters of the 
active layer thermal annealing and conditions of ZrO2 spray pyrolysis. 
Finally, the role of ZrO2 nanostructuring is considered briefly, following a 
previous study of nanostructuring of the titanium dioxide EIL. 
 
4.1. Introduction 
 
Followed by intensive research over the past two decades, OLEDs are coming 
forward as a versatile technology with potential to be used in such areas as flat-panel 
displays, signalling and lighting [161]. Major factors influencing commercial viability 
of each of these applications are efficiency, manufacturing cost and stability. For 
instance, in a standard device architecture, which typically employs ITO as an anode, 
stability is compromised by the use of low-work function, air-degradable cathodes, such 
as Ca, Ba, etc., required for efficient electron injection [131, 162]. While modification 
of the OLED architecture has been employed to enhance the OLED efficiencies and 
performance, e.g. through matching of electron and hole populations in an emissive 
layer, or improving light out-coupling, examples of utilizing alternative OLED 
architectures to address the issues of stability and cost are relatively limited [163-168]. 
Therefore the search for alternative air-stable electron-injecting materials remains an 
important problem. 
One approach to address the problem of OLED stability is to use an inverted 
hybrid inorganic/organic LED architecture which employs a transparent metal oxide as 
an EIL. As was described in the previous Chapters, such EILs can be produced in a 
facile and low-cost way via a spray pyrolysis procedure and can be deposited in 
atmospheric conditions on a universal substrate, such as ITO. Currently two popular 
materials used as EILs in the HyLED architecture are TiO2 and ZnO [134, 135]. When 
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these metal oxides have been used on their own as the EILs, the only active polymer 
reported with the corresponding devices was F8BT, due to its high electron affinity 
compared to other LEPs and, consequently, a smaller electron-injection barrier formed 
at the EIL/F8BT interface [138].  
The studies of principles of the HyLED operation and limitations of this class of 
light-emitting devices reported in the previous Chapter suggest the following possible 
model of the device functioning. Upon application of a forward bias, holes are first 
injected into the active layer due to an ohmic contact formed between the polymer and 
MoO3 [137]. After reaching the interface between the metal-oxide EIL and the polymer, 
holes are blocked by an offset between the polymer HOMO and the top of the metal-
oxide valence band. As the bias increases, electrons gain enough energy to overcome 
the injection barriers between the ITO cathode and the EIL, and between the EIL and 
the polymer LUMO. Due to accumulation of holes at the interface between the EIL and 
the polymer, electron injection into the emissive layer may lead to exciton formation in 
close proximity to this interface. Therefore one can propose three major requirements 
for an EIL in the HyLED architecture: 1) it must provide good hole blocking, 2) ensure 
sufficiently high electron injection and 3) be inert to reacting with excitons at the 
interface with the polymer (Figure 41).  
 
 
Figure 41. A scheme depicting processes influenced by the presence of an electron-injection 
layer, targeting which may help produce an efficient HyLED 
 
A material of choice may be suggested to satisfy the following requirements: 1) 
have a deep position of the valence band edge (for efficient hole blocking), 2) have a 
conduction band resulting in a small/no offset with the polymer LUMO (for efficient 
electron injection), 3) have a band gap preferably above that of the EML (in order to 
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avoid absorption of light emitted in the EML and energy transfer between the EML and 
the EIL), and 4) avoid exciton quenching, for example, by surface plasmon modes 
(which suggests that the EIL should preferably be either non-conductive or poorly 
conductive) [169-171]. In Chapter 4, a ZrO2 EIL was introduced instead of TiO2 to 
result in significant improvement in the HyLED performance, demonstrating itself as a 
candidate material satisfying some or all of these points, listed above. It is a wide band-
gap n-type semiconductor with the conduction band edge situated at approximately -3 
eV (above the F8BT LUMO), and the edge of the valence band at approximately -8 eV 
(creating a barrier of more than 2 eV for hole leakage) [172]. Position of these energy 
levels may determine the operation of zirconium dioxide as an EIL in a HyLED. 
Although the high conduction band of ZrO2 may result in elevated luminance turn-on 
voltages, it may also have a positive effect by blocking the back-flow of electrons from 
an emissive layer into the EIL. Moreover, the low valence band edge may help confine 
holes and excitons in an emissive layer, thereby leading to an enhancement in the 
efficiency.  
In this Chapter parameters influencing the performance of the ZrO2-based HyLED 
architecture are addressed. First, the focus is made on extending the range of polymers 
suitable for use as an active electroluminescent layer. Second, an improvement of 
luminescent properties of the active layer is targeted. Finally, the influence of 
parameters of deposition of the ZrO2 electron-injection layer on the device performance 
is studied.  
 
4.2. Experimental details 
 
Device fabrication was performed in a similar way to that reported in Section 3.2, 
apart from the following details. After the standard cleaning procedure, devices were 
spray-coated with either ZrO2 or TiO2 (Section 3.2). Following this step, an active 
polymer layer was spin-cast at a rate of 2000 rpm for 1 min from either 10 or 14 mg ml
-
1
 solution in chlorobenzene. Emissive polymers studied in this paper are yellowish-
green emitting polyfluorene derivatives F8BT and Lumation Green, blue-emitting PFO 
and Lumation Blue, and red-emitting Dow Red F. F8BT was represented in two 
molecular weights of 91 kg mol
-1
 (“low-molecular weight F8BT”) and 200 kg mol-1 
(“high-molecular weight F8BT”). In the polymer annealing studies (Section 4.2), 
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polymer films deposited onto an EIL were annealed in a nitrogen atmosphere for 20 
min. Device fabrication was completed by thermal evaporation of MoO3 and Au as was 
discussed in Section 3.2.  
In the study of ZrO2 nanostructuring, porous ZrO2 films were deposited by 
dissolving a zirconium (IV) oxide colloidal dispersion (5-10 nm, 20% in H2O, Alfa 
Aesar) in distilled water in the 50:50 volume ratio, spin-casting of the obtained solution 
on a substrate at 2000 rpm for 1 min, and baking of the resulting films in air at 450°C 
for 30 min. ZrO2 films for AFM studies were prepared by spray pyrolysis deposition 
onto ITO, while those prepared for optical microscopy measurements were produced on 
clear glass microscope slides (VWR International). 
 
4.3. Effect of a light-emitting polymer on the performance of the 
inverted HyLEDs 
 
In previous studies by Morii et al. and Bolink et al. on HyLEDs employing single-
layer metal oxide EILs with electron affinities of the order of 4 eV, F8BT was the only 
polymer whose successful operation was reported with this type of device [134, 135, 
137]. This was primarily due to the relatively high electron affinity of F8BT (3.5 eV) in 
contrast to other widely used conjugated polymer emitters [173]. Comparison of F8BT 
LUMO to the conduction band level of TiO2 of 3.8 eV gives a value of the injection 
barrier of 0.3 eV. By contrast, in such LEPs as PPV, PFO, etc., the LUMO levels are 
situated at 2.4-2.9 eV, which sets the barrier to 0.9-1.4 eV, significantly complicating 
injection of electrons into an active layer. This led to a fact that before recently F8BT 
was the only light-emitting polymer used with the HyLED architecture. One of the 
approaches to extending the range of polymers performing in the HyLED configuration 
was demonstrated by Bolink et al. Insertion of a thin layer of Cs2CO3-based compound 
between the electron-injecting and the active layers allowed the authors employ a PPV-
derivative polymer Super Yellow with electron affinity significantly lower than that of 
F8BT [174]. The result was attributed to an improvement in injection of electrons and 
blocking of holes at the EIL/EML interface, and demonstrated a strategy to selection of 
an EIL in a HyLED.  
As an alternative to the TiO2(ZnO)/Cs2CO3 combination EIL, ZrO2 may offer a 
possible choice, as has been shown in Chapter 4. On the one hand, this metal oxide 
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appears to provide more efficient hole blocking than both TiO2 and ZnO, while on the 
other, it possesses a presumably more favourable position of the conduction band than 
the other two metal oxides so that to prevent potential exciton quenching. As such, a 
zirconium dioxide EIL may satisfy the requirements in order to make a variety of 
polymers suitable for the inverted HyLEDs. To test this, devices employing a ZrO2 EIL 
and using red, green and blue (RGB) LEPs have been fabricated. All of the LEPs are 
commercially available polyfluorene derivatives: Dow Red F, Lumation Green, 
Lumation Blue and PFO. Figure 42 shows band diagrams of the HyLEDs comprising 
these light-emitting layers. For reference, devices using TiO2 as an EIL have been 
fabricated. There is a large difference in the size of electron-injecting and hole-blocking 
barriers when TiO2 and ZrO2 EILs are used. As one can see in Figure 42, in the case of 
red-emitting Dow Red F and green-emitting Lumation Green, there is nominally no 
injection barrier present between the conduction band of zirconia and the LUMO of the 
polymers.  
 
 
Figure 42. Band diagrams of HyLEDs employing TiO2 and ZrO2 EIL and using a range of 
polyfluorene emitters: a) Dow Red F, b) Lumation Green, c) Lumation Blue and d) 
PFO. For simplicity, energy levels of materials other than the LEPs are only given in 
a) 
 
Figure 43 demonstrates J-V-L characteristics of the fabricated devices, while in 
Figure 44 effJ-J curves of the diodes and depicted. In all cases, ZrO2 results in lowering 
of the device current density and enhancement in luminance. The combination of these 
effects leads to a dramatic improvement in the efficiency of devices. This is consistent 
with the results in Section 3.6 suggesting that substitution of TiO2 with ZrO2 in a 
HyLED utilizing the F8BT active layer leads to a strong enhancement in the 
performance of the diode.  
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Figure 43 J-V (full symbols) and L-V (open symbols) characteristics of HyLEDs using either 
TiO2 (squares) or ZrO2 (triangles) as an EIL with pristine emissive layers of: a) Dow 
Red F, b) L-Green, c) L-Blue, d) PFO 
 
In all ZrO2-based HyLEDs presented in Figure 43 the maximum brightness 
exceeds 200 cd m
-2
. By contrast, only in a single TiO2-based diode utilizing the Red F 
active emissive layer brightness reaches 100 cd m
-2
, with the other titania-based devices 
showing luminance levels below 10 cd m
-2
. The difference in performance of ZrO2 and 
TiO2 devices is evident for all LEPs. The smallest difference in the maximum 
luminance values of about one order of magnitude can be observed for the Dow Red F 
EML. For Lumation Blue and Lumation Green the difference amounts to approximately 
2 orders of magnitude, and for PFO – to more than 3 orders of magnitude. A possible 
explanation of this fact is that due to the lower band-gap of Dow Red F, the position of 
the TiO2 valence band is situated sufficiently deep in the energy diagram to ensure 
efficient blocking of holes. The TiO2 band gap appears sufficiently larger than that of 
Dow Red F, so that to avoid reabsorption of emitted photons. Additionally, electron 
affinity of the red-emitting polymer is higher than that of the other polymers leading to 
a smaller offset between the EML LUMO and the EIL conduction band. This, in turn, 
may result in reduced exciton quenching at the EML/EIL interface in the Dow Red F 
HyLED, compared to other devices using TiO2.  
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Figure 44. Current efficiency versus current density curves of HyLEDs using TiO2 (full 
symbols) and ZrO2 (open symbols) as an EIL with pristine active polymer layers of 
Dow Red F (red squares), Lumation Green (green circles), Lumation Blue (blue 
triangles) and PFO (violet stars) 
 
At the same time, the other polymers with wider band gaps (close to the one of 
TiO2) are more likely to be influenced to a greater extent by the hole leakage, photon 
reabsorption and exciton quenching. The biggest difference in performance between the 
TiO2 and ZrO2 EILs is observed for the PFO active layer. Since its band gap and the 
HOMO-LUMO positions are close to those of Lumation Blue, this large difference 
cannot be explained only by energy level considerations. Other parameters like, for 
example, carrier mobilities in LEP layers, must also be taken into account. While Dow 
Red F, Lumation Green and Lumation Blue are known to have relatively close electron 
and hole mobilities, in PFO these mobilities differ considerably [139, 175, 176]. PFO is 
known to be a dominant hole transporting material with respective mobility equalling 
4×10
-4
 cm
2
(s·V)
-1
, and the electron mobility being 3 orders of magnitude smaller [177, 
178]. Combined with the high electron injection barrier from TiO2, poor electron 
transport in PFO may indeed lead to a very small electron population in the EML and, 
hence, a very poor device performance. Inefficient blocking of holes by titania is 
another factor accounting for the very low PFO-HyLED efficiency. In comparison to 
PFO, charge transport in Lumation Blue is more balanced which allows for a stronger 
electron transport even when TiO2 is employed as an EIL [176]. The use of ZrO2 instead 
of TiO2 in the PFO HyLED may confine holes in the active layer and help inject 
electrons from the metal oxide, resulting from the large interfacial field. As a result, 
performance of the PFO device employing zirconium dioxide sees a rapid improvement 
over TiO2 as one can see in Figure 43-d).  
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It is noteworthy that in all figures corresponding to different polymers there is an 
overlap in J-V curves of devices using TiO2 and ZrO2 in the region between 0 V and     
1 V. Also, in all cases, below the voltage of approximately 1 V and current density of 
approximately 10
-3
 mA cm
-2
, J-V curves of all ZrO2 devices superimpose with those of 
the TiO2 diodes. Since the hole-injecting side remains unchanged upon substitution of 
the TiO2 EIL with ZrO2, the region between 0 V and 1 V may be attributed to 
predominant hole injection, while the differences observed at a higher bias may be 
related to blocking of the transport of holes by ZrO2.  
To summarize, with the help of the ZrO2 EIL it is possible to produce bright red, 
green and blue HyLEDs, and performance of these devices improves dramatically 
compared to the corresponding diodes using the TiO2 EIL.  
 
4.4. Effect of polymer annealing on the HyLED performance 
 
For a given polymer emissive layer, optimization of HyLED performance may be 
achieved by improving charge injection and charge leakage characteristics within the 
devices. On the one hand, this can be done through modification of properties of the 
charge-injection layers, as has already been described in the previous Chapter. On the 
other hand, optimization of intrinsic properties of the emissive layer may represent an 
additional way of improving the device efficiency. Thermal annealing is one of the 
generally used procedures known to affect the intrinsic properties of polymer layers. 
The influence of polymer annealing on photoluminescence efficiency of light-emitting 
polymers and performance of OLEDs has been ambiguous when studied by different 
researchers in the past. Donley et al. showed that polymer annealing above the glass 
transition temperature led to an improvement of up to 10% in photoluminescence (PL) 
efficiency of F8BT [50]. At the same time, PL efficiency of poly(2-methoxy-5-(2´-
ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) was shown to experience a 
dramatic reduction with an increase in the annealing temperature as was observed by 
Liu et al. [179]. In devices with the conventional architecture using a PEDOT-PSS HIL 
and active layers ranging from MEH-PPV to Lumation Green, annealing above the LEP 
glass transition temperature has been shown to result in reduction in the 
electroluminescence (EL) efficiency [179-181]. It is noteworthy that when the PEDOT-
PSS layer was not employed and the EML (MEH-PPV) was deposited directly on ITO, 
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similar polymer annealing treatment led to significant enhancement in the diode 
performance [182]. In devices with the HyLED architecture employing ZrO2 as an EIL, 
annealing of the active layer above the glass transition temperature has also resulted in 
an improvement in the device efficiency [158]. In this section, the effect of polymer 
annealing on the performance of devices using the HyLED architecture is investigated 
in more detail. 
 
4.4.1. Influence of temperature of polymer annealing  
 
First, the reader‟s attention is focused on the study of the influence of the 
temperature of polymer annealing on the performance of the inverted HyLEDs. In 
general, annealing of spin-cast polymer films leads to their morphological 
rearrangement and enhancement of crystallinity; this may be accompanied by changes 
in their electro-optical properties, as previous studies suggest that annealing may 
enhance photoluminescence efficiency of the polymer films [50]. Here the effect of 
light-emitting polymer film annealing on the device operational characteristics is 
investigated in more detail. To ensure the generality of the reported results three green-
emitting polymers are studied: low-molecular-weight F8BT, Lumation Green, and high-
molecular weight F8BT. First, the performance of devices using the active layer of low-
molecular weight F8BT active layer is considered. The thickness of the ZrO2 EIL is 30 
nm in this study.  
Obvious changes in the devices‟ operational characteristics with temperature of 
annealing can be seen in Figure 45. As the temperature is increased above 180°C, so 
does the value of the reverse current. No clear trend is observed in the luminance versus 
voltage plot, however the device efficiency and maximum luminance rise with 
temperature steadily before dropping abruptly at the temperature of 310°C, well above 
the polymer melting point. The maximum of luminous efficacy is observed for films 
annealed at 140°C and 180°C (0.6-0.7 lm W
-1
), while the maximum luminance (11140 
cd m
-2
) is demonstrated by the device annealed at 265°C, which is close to the polymer 
melting point. Overall, LEP annealing above the glass transition temperature leads to an 
increase in the device current efficiency by a factor of 1.5, while the maximum 
brightness rises by a factor of 3.6. 
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Figure 45. a) Current-voltage characteristics of hybrid metal-oxide/polymer LEDs using a low-
molecular weight F8BT emissive layer annealed at various temperatures: pristine 
(black, squares), 40°C (red, circles), 90°C (green, trianges), 140°C (blue, reverse 
triangles), 180°C (cyan, diamonds), 230°C (magenta, hexagons), 265°C (dark 
yellow, stars) and 310°C (wine, crosses); b), c) and d), respectively, luminance-
voltage, current efficiency-current density and luminous efficacy-luminance 
characteristics of the same devices as in a) 
 
Lumation Green is the next light-emitting polymer studied. In the devices 
considered, the ZrO2 thickness is approximately 30 nm. Duration of polymer annealing 
was 1 hour. In this case, there is no change in the reverse current density with increasing 
temperature (Figure 46); however one can still observe the rise in efficiency and 
maximum luminance as the polymer is annealed up to its melting temperature in the 
region between 120°C and 250°C. The highest brightness (10170 cd m
-2
), current 
efficiency (1.5 cd m
-2
) and luminous efficacy (0.4 lm W
-1
) are observed for the device 
annealed at 250°C. Compared to the pristine emissive layer this corresponds to a rise in 
efficiency by a factor of 3.4, and a rise in the maximum luminance by a factor of 6. As 
can be seen in the plot of maximum luminous efficacy versus annealing temperature 
(Figure 48), abrupt jump in efficiency is observed when the polymer is annealed above 
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its glass transition temperature (app. 120°C) [180, 181]. The drop in efficiency at 300°C 
is probably caused by degradation of the polymer.  
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Figure 46. a) J-V characteristics of hybrid metal-oxide/polymer LEDs using a Lumation Green 
emissive layer annealed at various temperatures: pristine (black, squares), 120°C 
(red, circles), 150°C (green, triangles), 200°C (blue, reverse triangles), 250°C (cyan, 
diamonds) and 300°C (magenta, stars); b), c) and d), respectively, L-V, effJ-J and 
effL-L characteristics of the same devices as in a) 
 
The study of the effect of polymer annealing is continued with examination of a 
high-molecular-weight F8BT layer having a thickness of approximately 80 nm (spin-
cast at 2000 rpm using the concentration of 14 g L
-1
). Figure 47 compares three distinct 
temperatures of polymer annealing: 130°C – below the glass transition temperature, 
230°C – above the glass transition temperature but below the melting point, and 280°C 
– close to the melting point. ZrO2 thickness was chosen to be 40 nm in this case. Similar 
to the trend observed for low-molecular weight F8BT and Lumation Green, devices 
annealed at higher temperatures produce higher maximum brightness and efficiency. 
The highest current efficiency of 5.8 cd A
-1
 and highest luminance of 37840 cd m
-2
 are 
demonstrated by the device annealed at 280°C, while the highest luminous efficacy of 
1.8 lm W
-1
 is observed in the HyLED annealed at 230°C. The current efficiency shows 
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an increase of up to 5.4 times in the device annealed above the glass transition 
temperature compared to the one annealed below that temperature. Maximum 
brightness shows a rise of up to 13 times upon annealing above the glass transition 
temperature. 
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Figure 47. a) J-V characteristics of hybrid metal-oxide/polymer LEDs using a high-molecular 
weight F8BT emissive layer annealed at various temperatures: 130°C (black, 
squares), 230°C (red, triangles) and 280°C (green, stars); b), c) and d), respectively, 
L-V, effJ-J and effL-L characteristics of the same devices 
 
Although the details of the current density and luminance evolution with voltage 
are not quite similar in the above-given examples of HyLEDs using three different 
active layers (low-molecular weight F8BT, Lumation Green and high-molecular weight 
F8BT), there is an obvious correlation in the fact that thermal annealing at temperatures 
below a certain critical point (possibly corresponding to a polymer degradation 
temperature) leads to significant improvement in maximum efficiency of the diodes 
(Figure 48). In all cases, thermal annealing above the polymer glass transition 
temperature leads to an abrupt rise in efficiency, while degradation in the device 
performance correlates with the polymer melting temperature. 
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Figure 48. Evolution of maximum luminous efficacy with temperature of annealing in LMW 
F8BT (squares), HMW F8BT (triangles) and Lumation Green (diamonds). Glass 
transition and melting points for each polymer are also denoted in the figure 
 
In the case of low-molecular weight (LWM) F8BT, the rise in reverse current 
upon annealing may be explained by either higher charge mobility in annealed films or 
an improvement in the contact between the polymer and the EIL. The absence of 
reverse current in Lumation Green and high-molecular weight (HMW) F8BT devices 
suggests better diode rectification than in LMW F8BT. Enhancement in luminous 
efficiency and brightness upon annealing in all the polymers may be related to the 
previously observed growth in photoluminescence efficiency of spin-cast polymer films 
due to rearrangement of the polymer chain packing [50]. As was reported by Donley et 
al., annealing of spin-cast F8BT films above their glass transition temperature may lead 
to an increase in separation between adjacent BT units on neighbouring chains, allowing 
the polymer to obtain its most energetically favourable configuration offering higher 
photoluminescence efficiency. In Figure 49 UV-vis absorption and electroluminescence 
spectra of pristine and annealed HMW F8BT are presented. Annealing in this example 
was performed at 230°C for 20 min. According to the figure, the thermal treatment 
results in slight widening of the UV-vis absorption spectrum towards lower energies. 
This may suggest that the polymer conjugation length increases slightly upon annealing, 
which is consistent with chain ordering. This rearrangement may also affect the nature 
of states responsible for electroluminescence, as indicated by narrowing of the EL 
spectra in devices using the corresponding polymer films. As such, one can see small 
variations in absorption and photoluminescence spectra of HMW F8BT upon annealing. 
However, these observations along with the results reported by Donley et al., suggesting 
the rise in PL efficiency due to annealing by about 40%, at most, would not be 
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sufficient to explain a more than 5 times improvement in the operational efficiency of 
the inverted hybrid LED utilizing this LEP.  
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Figure 49. UV-vis absorption spectra of pristine (dense line) and annealed to 210°C (dotted 
line) high-molecular weight F8BT films on 30-nm thick ZrO2 (black) and 
electroluminescence spectra of the same films in HyLEDs (green). EL spectra were 
obtained at 8V applied bias 
 
Alternatively, higher efficiencies may be explained either by changes in charge 
mobilities within electron-transporting and electroluminescent layers upon annealing, as 
this may balance the transport of charges within the device. In the first case, a change in 
charge balance is expected to be observed due to modulation of charge mobilities upon 
annealing. For example, enhancement of hole mobility by as much as an order of 
magnitude with annealing of a PFO film to 107°C was reported by Poplavskyy et al. 
[183]. An increase in carrier mobility was also found to be responsible for the rise in 
efficiency of copolyfluorene-based LEDs fabricated by Niu et al. when the devices were 
annealed at a temperature close to Tg of the LEP [184]. 
Finally, formation of an improved physical contact between the polymer and ZrO2 
resulting in improvement of electron injection from the metal oxide into the emissive 
layer may also provide an explanation for the observed efficiency enhancement upon 
annealing. This possibility will be considered more closely in the next section. 
 
4.4.2. Influence of polymer annealing on top of different metal oxide EILs on the 
HyLED performance 
 
To investigate parameters which may be responsible for the rise in efficiency 
upon polymer annealing in the HyLEDs using the ZrO2 HIL, the effect of annealing in 
the devices employing TiO2 and ZrO2 EILs can be compared. As such, if improvement 
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in performance of the ZrO2-based HyLED upon annealing is due to an enhancement in 
polymer photoluminescence efficiency, polymer annealing in the TiO2-based diode 
would also lead to a better device performance. However, if annealing causes some sort 
of interface reactions between the metal oxide and the polymer, the corresponding effect 
upon the device characteristics would be less obvious to predict. Examples of possible 
interface reactions may include – but are not limited to – an improvement of physical 
contact between the metal oxide and the polymer, chemical reactions at adjacent 
surfaces and formation/passivation of interface states. HMW F8BT is employed as an 
active layer in this study, while annealing is performed at 250°C for 20 min. The 
thickness of both metal oxide layers is ~30 nm, while the HMW F8BT active layer has a 
thickness of approximately 60 nm.  
a)
-4 -2 0 2 4 6 8
10
-6
10
-4
10
-2
10
0
10
2
10
-1
10
0
10
1
10
2
10
3
10
4
10
5
C
u
rr
e
n
t 
d
e
n
s
it
y
/ 
m
A
 c
m
-2
Voltage/ V
L
u
m
in
a
n
c
e
/ 
c
d
 m
-2
b)
-4 -2 0 2 4 6 8 10
10
-6
10
-4
10
-2
10
0
10
2
10
4
10
-1
10
0
10
1
10
2
10
3
10
4
C
u
rr
e
n
t 
d
e
n
s
it
y
/ 
m
A
 c
m
-2
Voltage/ V
L
u
m
in
a
n
c
e
/ 
c
d
 m
-2
 
     
c)
0 1000 2000 3000
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
 
 
C
u
rr
e
n
t 
e
ff
ic
ie
n
c
y
/ 
c
d
 A
-1
Current density/ mA cm
-2
        d)
10
-2
10
-1
10
0
10
1
10
2
10
3
10
4
10
5
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
 
 
L
u
m
in
o
u
s
 e
ff
ic
a
c
y
/ 
lm
 W
-1
Luminance/ cd m
-2
 
Figure 50. a) J-V (left ordinate, full symbols) and L-V (open symbols, right ordinate) 
characteristics of devices with structures ITO/ZrO2/F8BT/MoO3/Au using pristine 
(black) and annealed (red) light-emitting layers; b) J-V (full symbols, left ordinate) 
and L-V (open symbols, right ordinate) characteristics of devices with structures 
ITO/TiO2/F8BT/MoO3/Au using pristine (grey) and annealed (blue) light-emitting 
layers; c) effJ-J characteristics of the same devices as in a) and b); d) effL-L 
characteristics of the same devices as in a) and b) 
 
In accordance with the results in the previous section, F8BT annealing in the 
ZrO2-based HyLED leads to an increase in the maximum luminance, from 9919 cd m
-2
 
to 25970 cd m
-2
 (Figure 50-a)). The maximum current efficiency grows from 1.4 cd A
-1
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to 2.7 cd A
-1
, while the maximum luminous efficacy increases from 0.7 lm W
-1
 to 1 lm 
W
-1
 (Figure 50-c) and Figure 50-d)). The opposite trend is observed for the HyLED 
employing the TiO2 EIL (Figure 50-b)). The similar annealing procedure during the 
fabrication of the TiO2-based device leads to significant deterioration of the diode 
performance: while the current density versus voltage behaviour remains essentially 
unchanged, both maximum luminance, current and luminous efficacies drop by two 
orders of magnitude.  
In order to rationalize the data presented, attention can be drawn towards a system 
in which polymer annealing leads to an improvement in the performance characteristics 
– hybrid organic/inorganic solar cells [185-187]. Influence of the active layer annealing 
in these and similar devices (such as bulk heterojunction photovoltaic cells) is thought 
to improve infiltration of an organic material into a porous inorganic film, modify 
morphology of the layer, enhance carrier mobility and reduce the density of defect states 
at interfaces [187-189]. As a result, both photo- and dark current demonstrated by the 
devices rise with annealing, which may be attributed to a higher rate of photo-induced 
electron transfer from an organic light-absorbing donor material into an inorganic 
acceptor [190, 191]. Similarly, polymer annealing on top of the TiO2 EIL in the HyLED 
may enhance the quenching of excitons generated upon the device operation via 
electron transfer from the polymer excited state into the metal oxide. This may explain 
the observed drop in efficiency of the TiO2-based HyLED upon the thermal treatment 
(Figure 50). Assuming that annealing affects the ZrO2/polymer interface in the same 
manner as the TiO2/polymer interface is affected, the contrasting rise in efficiency of the 
diode using ZrO2 may suggest that 1) ZrO2 does not induce the quenching of excitons in 
the adjacent polymer layer, and 2) efficiency of electron injection from ZrO2 into the 
emissive layer rises upon annealing. The first point is supported, for example, by a 
study by van Hal et al. who demonstrated that photoinduced charge transfer between a 
MDMO-PPV donor polymer and ZrO2 is energetically unfavourable, unlike in the 
MDMO-PPV/TiO2 donor-acceptor system [186]. It was suggested that the position of 
the ZrO2 conduction band, approximately 1 eV above that of TiO2, was the primary 
reason for the observed behaviour. Regarding the second point, one of the possible 
explanations of the rise in efficiency of electron injection from ZrO2 into the polymer is 
the removal of pockets of solvent between the two layers, remaining after spin-casting 
of the organic layer upon annealing, and associated improvement of physical contact 
between zirconium dioxide and the polymer. Alternatively, improvement in electron 
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injection from ZrO2 into the active layer may potentially be explained by infiltration of 
mobile polymer chains to a closer proximity with the metal oxide during annealing.  
Under this possibility, better electron injection might be achieved at annealing 
temperatures even below the melting point, as shorter mobile molecular chains may 
gain enough thermal energy to make a more intimate contact with the metal oxide [50].  
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Figure 51. a) J-V (full symbols, left ordinate) and L-V (open symbols, right ordinate) 
characteristics of devices with structures ITO/Al2O3/Lumation Green/MoO3/Au 
using pristine (black) and annealed (red) light-emitting layers; b) J-V (full symbols, 
left ordinate) and L-V (open symbols, right ordinate) characteristics of devices with 
structures ITO/ZnO/Lumation Green/MoO3/Au using pristine (grey) and annealed 
(blue) light-emitting layers; c) effJ-J characteristics of the same devices as in a) and 
b); d) effL-L characteristics of the same devices as in a) and b) 
 
The proposed explanation of the influence of annealing on the performance of 
HyLEDs using the ZrO2 and TiO2 EILs marks out the role of the position of the metal 
oxide conduction band relative to the excited state of the LEP. As such, the model 
described above suggests that if the metal oxide conduction band is situated below the 
F8BT LUMO, the annealing step is likely to result in deterioration in the device 
performance. And vice versa, if the EIL conduction band edge lies at approximately the 
same level or above the polymer LUMO, annealing would be expected to lead to an 
enhancement in the HyLED efficiency. In order to test this idea, the HyLEDs 
comprising two metal oxides other than TiO2 and ZrO2 are considered – ZnO and Al2O3 
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– with conduction band levels differing considerably. The quoted values of the 
conduction band levels are -(4.2-4.3) eV and -1.7 eV, respectively, for ZnO and Al2O3 
[192, 193]. Lumation Green with a LUMO level lying at approximately -2.9 eV is 
utilized as an active layer. According to the above proposed model, polymer annealing 
on ZnO is expected to reduce the device efficiency, while annealing on Al2O3 is likely 
to lift the performance up. The thickness of ZnO for this study is chosen to be 30 nm, 
and Al2O3 has a thickness of 5 nm. 
Figure 51 demonstrates current density-luminance-voltage and current efficiency-
current density curves for the ZnO and Al2O3-based devices using pristine and annealed 
LEP layers. As one can see, both devices are affected in an opposite manner upon 
polymer annealing. While the thermal treatment leads to an increase in the current 
density in both devices, maximum luminance and efficiency levels drop by two orders 
of magnitude in the ZnO-HyLED, as opposed to an enhancement by a factor of 5 in the 
diode using Al2O3. As such, annealing of a LEP layer on ZnO leads to a similar effect as 
does the previously observed polymer annealing on TiO2, while LEP annealing on 
Al2O3 has the same result as that on ZrO2. 
Thus, consideration of the influence of polymer annealing in devices using ZnO 
and Al2O3 EILs may lead to the similar observations as for the TiO2 and ZrO2 EILs, 
respectively: polymer annealing on metal oxides with a conduction band edge 
significantly lower than the polymer LUMO results in deterioration of the device 
performance, while polymer annealing on metal oxides with the conduction band 
similar to or higher than the polymer LUMO is expected to enhance the performance. 
Although the correlation between the device performance upon annealing and relative 
positions of the EIL conduction band and the LEP LUMO is not fully understood, a 
possible explanation may lie in formation of an improved contact between the EIL and 
the LEP layer. This may result in an improvement in the charge-transfer characteristics 
of the EIL/LEP interface. In the case of ZnO and TiO2, exciton quenching by electron 
transfer from the polymer LUMO into the metal oxide conduction band would be 
enhanced, leading to an efficiency decrease. In the case of the ZrO2 and Al2O3 EILs, the 
exciton quenching would not be favoured, but electron injection from the metal oxide 
conduction band into the polymer LUMO may be facilitated, resulting in an 
improvement in the device efficiency.  
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4.4.3. Influence of duration of polymer annealing 
 
Following the observation of the strong influence of temperature of active layer 
annealing on the performance of ZrO2-based HyLEDs, attention is now turned to a short 
study of the effect of duration of polymer layer annealing. For this, low-molecular 
weight F8BT is employed as an emissive polymer, and the annealing temperature of 
220°C is used.  
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Figure 52. a) J-V (left ordinate, full symbols) and L-V (right ordinate, open symbols) 
characteristics of HyLEDs with varying duration of polymer annealing: 0 min (black 
squares), 2 min (red circles), 6 min (green triangles), 20 min (blue reverse triangles), 
60 min (cyan diamonds) and 180 min (magenta stars). ZrO2 is employed as an EIL 
and LMW F8BT acts as an EML; b) effJ-J characteristics of the same devices as in 
a) 
 
Figure 52 shows J-V-L and effL-L curves of the HyLEDs annealed for the 
duration of 0, 2, 6, 20, 60 and 180 minutes. One can see that both reverse and forward 
current densities increase with duration, as do the maximum luminance and efficiency 
for annealing times below 60 min (Figure 53). Luminance and efficiency values 
demonstrated by the devices presented herein are somewhat lower than those in Figure 
45, which may be attributed to a variation in fabrication conditions. Nevertheless, in this 
study of interest is the general trend, which can explicitly be seen. 
Possible explanations of the influence of the duration of annealing upon the 
device performance are similar to those of the influence of the temperature of annealing 
(Section 4.4.1). Extended periods of annealing may give the polymer chains more 
opportunity to relax and form an intimate contact with the metal oxide EIL, for 
example, via removal of trapped solvent pockets at the interface. Relative improvement 
in the device performance with duration of annealing would be expected to be stronger 
for short annealing times, when the polymer-metal oxide contact is forming rapidly. For 
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longer times of annealing, relative improvement in performance with time is expected to 
slow down, because the initial contact is already formed and may only experience small 
improvement.  
0 50 100 150 200
10
-1
10
0
 
 
C
u
rr
e
n
t 
e
ff
ic
ie
n
c
y
/ 
c
d
 A
-1
Annealing time/ min
 
Figure 53. Evolution of current efficiency with time of polymer annealing in HyLEDs using 
ZrO2 as an EIL and LMW F8BT as a light-emitting layer 
 
In summary, as was seen in Section 4.4.1, annealing of the active polymer layer 
leads to an improvement in the performance of the HyLEDs based on the ZrO2 EIL. The 
results presented in this section suggest that the desired effect may be dependent not 
only on the temperature of annealing but also on the duration of the thermal treatment.  
 
4.4.4. Influence of polymer cooling method after annealing  
 
Now the attention is directed towards a study of the influence on the HyLED 
performance of a polymer cooling procedure after it has been annealed. It was 
demonstrated in the past by Donley et al. that morphologies of slowly and rapidly 
cooled high-molecular weight F8BT films differ which may have an effect on their 
electronic properties properties [50]. Herein, an effect of the similar treatments on 
operational characteristics of HyLEDs is considered. 
A 20-nm thick ZrO2 EIL and a 60 nm-thick HMW F8BT emissive layer are 
employed in this study. Polymer annealing was conducted for 20 minutes. Slow cooling 
was performed by turning off the hotplate and leaving the samples on it, while rapid 
cooling was performed by contacting the hot samples to a metal tray having a room 
temperature. Figure 54 compares operational characteristics of the HyLEDs annealed to 
155°C (a) and b)), 210°C (c) and d)) and 250°C (e) and f)).  
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Figure 54. a), c) and e), respectively, comparison of J-V and L-V characteristics of HyLEDs 
comprising either slowly (black) or rapidly cooled (red) polymer layers preliminarily 
annealed at 155°C (circles), 210°C (triangles) and 250°C (stars); b), d) and f) effJ-J 
characteristics of the same devices as in a), c) and e), respectively 
 
There is essentially very small difference in the J-V-L curves for these devices, 
however as it can be seen in the current efficiency versus current density curves, the 
“rapidly cooled” diodes systematically produce noticeably higher efficiency than their 
“slowly cooled” counterparts. These results may be explained by the difference in 
uniformity for F8BT films cooled at different conditions. As was demonstrated by 
Donley and colleagues, when the polymer is cooled slowly, larger crystalline domains 
are expected to be formed, and the films are expected to have higher roughness [50]. 
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This may result in enhanced charge leaking in corresponding HyLEDs leading to lower 
efficiency than in devices using uniform layers. Additionally, slow cooling may give the 
polymer more time to rearrange into a configuration with higher crystallinity and, 
consequently, lower photoluminescence efficiency. 
 
4.4.5. Effect of polymer annealing in red, green and blue-emitting HyLEDs 
 
In the previous sections the influence of thermal treatment on the efficiency of 
green-emitting HyLEDs, employing F8BT and Lumation Green, was studied. To test 
the generality of these observations, this section considers the influence of polymer 
layer annealing on the performance of devices employing red and blue-emitting 
polymers. For this purpose, the same polymer emitters are employed as in Section 4.3. 
The data for HMW F8BT and Lumation Green are given as a reference. It must be 
noted that all polymers were spin-cast from solutions of the same concentration, with 
the same thickness of the ZrO2 and MoO3 layers (respectively, 40 nm and 20 nm), and 
therefore the devices were not optimized individually.  
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Figure 55. a) Electroluminescence spectra of red, green and blue devices with the following 
structures: ITO/ZrO2/polymer/MoO3/Au, where polymer is Dow Red F (red), 
Lumation Green (olive), F8BT (green), Lumation Blue (blue) and PFO (violet); b) 
photographic images of Lumation Blue, Lumation Green and Dow Red F (from left 
to right) 
 
Electroluminescence spectra of the HyLEDs with the annealed active layers are 
demonstrated in Figure 55-a). The spectrum of F8BT electroluminescence is presented 
for comparison with Lumation Green. Figure 55-b) presents photographic images of the 
HyLEDs under operation.  
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Figure 56. a), c), e) and g) J-V (left ordinate) and L-V (right ordinate) characteristics of 
HyLEDs using either pristine (circles) or annealed (triangles) light-emitting 
polymers: Dow Red F (red), Lumation Green (green), Lumation Blue (blue) and 
PFO (violet); b), d), f) and h) effJ-J characteristics of the same devices as in a), c), e) 
and g), respectively 
 
CHAPTER 4 PARAMETERS INFLUENCING PERFORMANCE OF A HYLED... 
117 
Figure 56 demonstrates J-V-L characteristics of the diodes using pristine and 
annealed polymer films. Major performance characteristics of the devices comprising 
annealed LEP layers are given in Table 5. Similar to the results in Section 4.4.1, 
annealing leads to an improvement in the HyLED performance for all the polymers. For 
example, the maximum brightness values in the HyLEDs rise from 1300 to 3450 cd m
-2
 
for Red F, from 3670 to 4560 cd m
-2
 for Lumation Green, from 360 to 470 cd m
-2
 for 
Lumation Blue and from 150 to 310 cd m
-2
 for PFO.  
 
Polymer Maximum 
luminance,      
cd m
-2
 
(at voltage, V) 
Maximum current 
efficiency,           
cd A
-1
 
(at voltage, V) 
Current 
efficiency at 100 
cd m
-2
, cd A
-1
 
(at voltage, V) 
Emission 
wavelength of at 
maximum,        
nm 
Dow Red F 3450 (11.8) 0.48 (8.2) 0.40 (7.4) 661 
F8BT 25970 (9) 2.71 (8.8) 0.92 (6.6) 546 
Lumation 
Green 
4560 (11.8) 1.01 (8) 0.73 (6.4) 536 
Lumation 
Blue 
470 (13.2) 0.12 (10.8) 0.12 (10.6) 463 
PFO 309 (9.2) 0.03 (6.4) 0.03 (6.8) 435 
 
Table 5. Compilation of operational characteristics of red-, green- and blue-emitting HyLEDs 
using ZrO2 as an EIL  
 
For comparison with the data presented in Table 5, conventional devices with 
structure ITO/PEDOT:PSS/LEP/LiF (0.5nm)/Al using Lumation Green and Lumation 
Blue LEP layers were fabricated. Maximum current efficiency values for these devices 
were 8.7 cd A
-1
 for Lumation Green and 7.8 cd A
-1
 for Lumation Blue. In analogy with 
analysis of the previous results, the rise in luminance upon annealing may be attributed 
to the enhanced electron injection into the polymer and improved blocking of holes at 
the metal oxide/polymer interface. Electroluminescence spectra in Figure 55-a) 
demonstrate that emission from the HyLEDs covers the whole visible spectrum and can 
potentially be exploited to produce white light. 
 
4.5. Parameters affecting performance of a ZrO2 EIL 
 
In Section 4.4 ways of optimizing light-emitting characteristics of the emissive 
layer in a ZrO2-based HyLED were considered. Now attention is directed to 
optimization of deposition conditions of the metal-oxide EIL. In the following, the 
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influence of parameters, such as ZrO2 thickness, deposition temperature, spraying rate, 
on the performance of the inverted hybrid diodes is examined. 
 
4.5.1. Influence of ZrO2 layer thickness  
 
The thickness of the ZrO2 layer may account for two fundamental processes in 
operation of a HyLED: 1) electron injection into an emissive layer and 2) hole (and 
exciton) blocking inside the polymer emitter. While a thick EIL would enhance the 
hole-blocking ability, it may also inhibit electron injection by increasing both a Fowler-
Nordheim barrier and a series resistance in the metal oxide layer. And vice versa, 
although a thinner EIL may lead to an improvement in electron injection, it would also 
weaken the ability of the metal oxide to block holes. Competition between the two goals 
of maximizing electron injection and minimizing hole leakage may suggest that there 
exists an optimum thickness of ZrO2, corresponding to the highest electron-to-hole ratio 
within the emissive layer. 
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Figure 57. a), b), c) and d), respectively, J-V, L-V, effJ-J and effL-L characteristics of HyLEDs 
using pristine low-molecular weight F8BT as an emissive layer with various 
thicknesses of the ZrO2 EIL: 10 nm (black, squares), 20 nm (red, circles), 30 nm 
(green, triangles), 40 nm (blue, reverse triangles), 50 nm (cyan, diamonds), 60 nm 
(magenta, hexagons), 70 nm (dark yellow, stars) and 80 nm (wine, crosses) 
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First, the influence of the EIL thickness on the performance of HyLEDs using a 
pristine low-molecular-weight F8BT emissive layer is considered. Figure 57 
demonstrates evolution of operational characteristics of these devices with increasing 
ZrO2 thickness. The shifting of the J-V and L-V curves towards the higher voltage is 
seen and shows an apparent correlation with the growth in thickness. One can also 
observe a gradual rise both in current and power efficiency as the zirconia thickness is 
increased up to approximately 40-60 nm. This is followed by rapid efficiency drop-off 
at higher thicknesses. The maximum luminance varies from 910 cd m
-2
 in the 10-nm 
thick ZrO2 devices to 4260 cd m
-2
 for the 60-nm thick metal-oxide EIL. The highest 
current efficiency of 1.2 cd A
-1
 and the maximum power efficiency of 0.6 lm W
-1
 are 
observed for the 50-nm thick ZrO2 HyLED. 
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Figure 58. a), b), c) and d), respectively, J-V, L-V, effJ-J and effL-L characteristics of HyLEDs 
using pristine Lumation Green as an emissive layer with various thicknesses of the 
ZrO2 EIL: 10 nm (black, squares), 20 nm (red, circles), 30 nm (green, triangles), 40 
nm (blue, reverse triangles), 50 nm (cyan, diamonds), 60 nm (magenta, hexagons), 
70 nm (dark yellow, stars) and 80 nm (wine, crosses) 
 
Behaviour similar to the one seen for the LMW F8BT HyLEDs is observed when 
ZrO2 thickness is increased in devices with a different active pristine polymer layer, 
Lumation Green (Figure 58). In this case, gradual thickness-modulated shifting of the 
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current density-voltage and luminance-voltage curves towards higher voltage can also 
be seen. Maximization of the device efficiency occurs at the ZrO2 thickness of 
approximately 30-40 nm. The maximum brightness in this case grows by more than a 
factor of 3, from 580 cd m
-2
 to 1935 cd m
-2
 for 10- and 40-nm thick EILs, respectively. 
The highest current and luminous efficacies of 0.46 cd A
-1
 and 0.15 lm W
-1
 are 
demonstrated by the 40 and 30-nm ZrO2 devices, respectively.  
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Figure 59. a), b), c) and d), respectively, J-V, L-V, effJ-J and effL-L characteristics of HyLEDs 
using F8BT annealed at 230°C for 20 min as an emissive layer with various 
thicknesses of the ZrO2 EIL: 10 nm (black, squares), 20 nm (red, circles), 30 nm 
(green, triangles), 40 nm (blue, reverse triangles), 50 nm (cyan, diamonds), 60 nm 
(magenta, hexagons) 
 
Now, in order to ensure that the above-observed ZrO2 thickness trends in the 
HyLED operational characteristics are general, performance of HyLEDs employing an 
active layer of thermally annealed low-molecular-weight F8BT will be studied. The 
temperature of polymer annealing is chosen to be 230°C. All the effects described for 
the pristine layers (shifting of the J-V and L-V curves to higher voltages, reaching 
efficiency maxima at a certain thickness followed by a drop-off at higher thicknesses) 
are also seen in the case of the annealed active layer (Figure 59). The optimum ZrO2 
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thickness, producing the highest luminance of 10770 cd m
-2
, the highest current 
efficiency of 1.7 cd A
-1
 and the maximum luminous efficacy of 0.9 lm W
-1
, is found to 
be 30 nm.  
In all of the examples given in Figure 57, Figure 58 and Figure 59, evolution of 
the shape of the J-V curves is evident. From demonstrating an almost ohmic carrier 
transport for the thin-ZrO2-layer devices, the curves are transformed into those with a 
progressively stronger blocking character as the EIL thickness is raised. A plateau in the 
curves corresponding to the devices with a thick ZrO2 layer is thought to be caused by 
hole blocking at the ZrO2/polymer interface. In this case, the current density levels 
related to this plateu may allow estimating the leakage current of holes in the devices. 
The sharp rise in the current density past the plateau correlates with the onset of 
luminance, possibly suggesting the beginning of strong electron injection into the 
diodes.  
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Figure 60. a), b) and c) L-J characteristics of HyLEDs using pristine LWM F8BT, pristine 
Lumation Green and annealed HMW F8BT LEP layers, respectively, with the ZrO2 
EIL thickness of 10 nm (black squares), 20 nm (red circles), 30 nm (green triangles), 
40 nm (blue reverse triangles), 50 nm (cyan diamonds), 60 nm (magenta hexagons), 
70 nm (dark yellow stars) and 80 nm (wine crosses) 
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Figure 60 demonstrates luminance versus current density (L-J) characteristics of 
the HyLEDs employing all the active layers studied in this section. In analogy with the 
definition of the luminance turn-on voltage, one can define luminance turn-on current 
density as the current density at which device luminance reaches 0.05 cd m
-2
. One can 
see that as the ZrO2 thickness is increased, the luminance turn-on current density 
reduces. The minima values for both Lumation Green and high-molecular weight F8BT 
EMLs are observed at the ZrO2 thicknesses of 40 nm, and for low-molecular weight 
F8BT – at 50 nm. Increasing the ZrO2 thickness past these values leads to a growth in 
the luminance turn-on current density. In terms of the HyLED operation model, the 
minimum in the luminance turn-on current density corresponds to the highest number of 
excitons generated in the active layer per an injected hole, i.e. to the highest current 
efficiency at the onset of electroluminescence.  
According to Figure 60, the thickness of zirconia resulting in the highest 
efficiency at the onset of luminescence may not necessarily give the highest efficiency 
at higher biases. For example, the maximum efficiency for the HyLEDs using the high-
molecular weight F8BT active layer is demonstrated by the 30-nm thick ZrO2 device 
and not the one with the 40-nm thick ZrO2 layer, which shows the minimum in the 
luminance turn-on current density. A possible explanation of this fact is that in devices 
with thinner EILs the exciton recombination zone shifts at high voltages away from the 
ZrO2/polymer interface, into the bulk of the polymer where the blocking of holes may 
not play a primary role in determining the HyLED efficiency. 
 
4.5.2. Influence of ZrO2 deposition temperature and post-deposition annealing  
 
As was established in the past, morphology of thin films deposited via a spray 
pyrolysis technique largely depends on the deposition conditions, one of the most 
important of which is the substrate temperature [62, 194]. This parameter on its own 
determines the film structure in terms of crystallinity, quality of the surface, adherence 
of the film to the substrate and the very nature of the resulting product itself, e.g. 
whether it is a rigid compact film or an aggregation of loosely packed particles. Spray 
pyrolysis of metal oxides, such as ZrO2, with morphology varying from amorphous to 
crystalline has been demonstrated for deposition temperatures above 300°C [195]. 
Transition between the amorphous and crystalline phases occurs as the deposition 
temperature is increased above 400°C [195, 196]. In terms of their optoelectronic 
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properties, crystalline metal oxide films are known to exhibit better performance than 
their amorphous counterparts due to a smaller number of charge and exciton trapping 
sites, thermal and mechanical stability [197]. Deposition of metal oxides with 
crystalline structure at high temperatures for use in electronic devices may however 
encounter a problem if such a substrate electrode as ITO is employed. As such, 
annealing of ITO above 400°C may lead to a significant increase in its resistance which 
may have a negative influence on the device performance [198, 199]. Thus, herein an 
effort has been made to determine the optimum conditions of ZrO2 spray deposition in 
order to achieve good quality ZrO2 films without seriously damaging the conductivity 
of ITO.  
ZrO2 layers used in the next study were spray-pyrolysed at 350°C, 400°C, 450°C 
and 500°C, which was the temperature limit of the hotplate used in the experiments. 
The same amount of precursor solution of approximately 8 ml, corresponding to 150 
spray repetitions at a given carrier gas pressure, was used for all deposition 
temperatures. In the first study reported in this section, devices in which the ZrO2 EILs 
have not been subjected to post-deposition annealing at 450°C (unlike in the standard 
procedure used for fabrication of all the previously reported devices) are examined. By 
omitting the post-deposition annealing step, the influence of the substrate temperature 
during the deposition of the EIL on the performance of the diodes can be investigated. 
As such, the emissive polymer layer of Lumation Green has been spin-cast on top of the 
“freshly sprayed” metal oxide layers in this set of HyLEDs.  
Figure 61 demonstrates the performance characteristics of the devices fabricated 
thereby. Deposition temperature is found to have a very strong influence upon the 
device performance. As one can see in Figure 61-a), all of the J-V curves have an 
inflection point corresponding to the onset of rapid growth in the current density with an 
increase in the applied voltage. A rise in the temperature of ZrO2 deposition results in a 
shift of the position of the inflection point from about 8 V for the metal oxide film 
sprayed at 350°C to about 5 V for the sample deposited at 500°C. At the same time, 
luminance turn-on voltages remain approximately similar, varying between 4.2 and 4.6 
V for all deposition temperatures (Figure 61-b)).  
In all of the L-V curves, the presence of an inflection point corresponding to an 
increase in the rate of the luminance growth can be seen at the lower end of the applied 
voltage. Interestingly, each of the inflection points in the curves is observed at roughly 
the same voltage as the onset of rapid current growth for a respective diode. Zirconia 
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films sprayed at 350°C and 400°C result in approximately similar values of maximum 
luminance, current and luminous efficacy of, respectively, ~400 cd m
-2
, ~0.07 cd A
-1
 
and ~0.03 lm W
-1
. The highest luminance of 3250 cd m
-2
, current efficiency of 1 cd A
-1
 
and luminous efficacy of 0.6 lm W
-1
 are demonstrated by the 500°C-HyLED. 
Performance of the 450°C-device is poorer than that of the 500°C-diode, but better than 
that of devices comprising ZrO2 sprayed at 350°C and 400°C. 
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Figure 61. a), b), c) and d), respectively, J-V, L-V, effJ-J and effL-L characteristics of HyLEDs 
employing a ZrO2 EIL deposited at 350°C (black, squares), 400°C (red, circles), 
450°C (green, triangles) and 500°C (blue, stars) 
 
In the next study, HyLEDs are considered in which, following deposition at the 
above-given temperatures, the zirconia has been annealed in a furnace at 450°C prior to 
spin-coating of the polymer layer. Operational characteristics of these “post-deposition 
annealed” diodes are shown in Figure 62. Influence of the deposition temperature on the 
device performance follows the same trend as in the “freshly sprayed” HyLEDs: higher 
temperatures lead to a significant improvement in both luminance and efficiency. One 
of the major qualitative differences in this case from that of the diodes with non-
annealed ZrO2 is that the 450°C and 500°C devices demonstrate very similar 
operational characteristics, in terms of turn-on voltages, maximum luminances and 
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efficiencies. One can therefore classify the devices into two groups, those with ZrO2 
sprayed below 400°C and those with ZrO2 sprayed above 450°C. The former group of 
the low-performance diodes shows the maximum luminance values of the order of 1000 
cd m
-2
, current efficiency of about 0.2 cd A
-1
 and luminous efficacy of 0.1 lm W
-1
. The 
high-performance group of devices demonstrates much higher respective values of 4000 
cd m
-2
, 1 cd A
-1
 and 0.6 lm W
-1
. General device performance characteristics for both 
“freshly sprayed” and “annealed” devices are given in Table 6. 
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Figure 62. a), b), c) and d), respectively, J-V, L-V, effJ-J and effL-L characteristics of HyLEDs 
employing ZrO2 EIL deposited at 350°C (black, squares), 400°C (red, circles), 
450°C (green, triangles) and 500°C (blue, stars). Following the deposition, ZrO2 
samples were annealed in a furnace at 450°C for 30 min 
 
A correlation between the positions of the inflection points in the J-V curve with 
the luminance turn-on voltages leads to a suggestion that for the devices under study the 
respective voltages correspond to the onset of strong electron injection into the active 
layer. Observation of luminance below the current turn-on voltage, as in the devices 
with ZrO2 “freshly sprayed” at 350°C and 400°C, may be due to injection into the 
polymer of electrons already present in the metal oxide, presumably occupying the 
surface defect states. It is also possible, that during the post-deposition annealing step, 
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these states are passivated resulting in the observed modifications in the L-V 
characteristics of the devices. Reduction of the voltage corresponding to the inflection 
points in the J-V curves with higher temperature of deposition can then be related to 
either an increase in electron mobility in the metal oxide layer and/or a reduction in the 
ZrO2 thickness facilitating injection from ITO into the active layer. The former is 
consistent with an improved crystallinity of ZrO2 spray-pyrolysed at high temperatures, 
resulting in stronger electron transport in the devices [200]. Studies by Peshev et al. and 
Ortiz et al. reporting variations in morphology of spray-deposited ZrO2 films from 
amorphous to polycrystalline tetragonal as the substrate temperature rose from 400°C to 
500°C support this possibility [195, 196]. Previously observed reduction in the rate of 
film growth with higher temperature of spray pyrolysis provides an alternative 
explanation for a decrease of voltage corresponding to an inflection point [154, 195]. 
One can therefore expect this effect to also be observed in the devices considered 
herein. In this context, an interesting detail is overlapping of the J-V curves in “freshly 
sprayed” devices at voltages below 4 V, below the respective electron injection turn-on 
voltages. A possible explanation of the observed behaviour is a similar hole leakage 
current in all devices. With this in mind, even if ZrO2 films deposited at higher 
temperatures are thinner, one can expect their hole blocking abilities to be the same as 
in thicker films sprayed at lower temperatures. This is probably due to a more compact 
nature of the metal oxide deposited at a higher temperature.  
 
Deposition 
temperature, °C 
Maximum 
luminance,      
cd m
-2 
Luminance 
turn-on 
voltage, V
 
Maximum 
current 
efficiency, cd A
-1 
Maximum 
luminous 
efficacy, lm W
-1
 
350, fresh 450 4.8 0.07 0.02 
350, post-annealed 930 5.8 0.16 0.06 
400, fresh 380 4.6 0.08 0.03 
400, post-annealed 1360 5.2 0.17 0.08 
450, fresh 1250 4.8 0.46 0.26 
450, post-annealed 3810 4.6 1.20 0.73 
500, fresh 3230 4.2 1.02 0.62 
500, post-annealed 3860 4.0 0.98 0.61 
 
Table 6. Operational characteristics of HyLEDs comprising a ZrO2 EIL, used either as 
“freshly sprayed” (“fresh”) or after post-deposition annealing at 450°C for 30 min 
(“post-annealed”) 
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Figure 63. a), b) and c) Interference reflection microscopy images of ZrO2 films spray 
pyrolysed at 350°C and further annealed in air at 450°C for 30 min; d), e) and f) 
interference reflection microscopy images of ZrO2 films spray pyrolysed at 500°C 
and further annealed in air at 450°C for 30 min 
 
To investigate the quality of the ZrO2 surface upon metal oxide deposition at 
different temperatures, differential interference contrast microscopy (DIC) has been 
employed. Micrographs of ZrO2 samples sprayed at 350°C and 500°C and post-
annealed at 450°C for 30 min are shown in Figure 63. One can see that the film 
deposited at 350°C is very rough, comprising light-coloured broad patterns of generally 
circular shape and having various sizes of the order of tens of microns (Figure 63-c)). 
Dark round features with diameter of about 20 µm are also evident on the surface of the 
350°C film. A variety of colours in the micrographs suggests significant non-uniformity 
350°C 500°C a) d) 
350°C 500°C b) e) 
350°C 500°C c) f) 
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of the sample. In contrast to the film sprayed at 350°C, ZrO2 deposited at 500°C is 
relatively flat which is indicated by uniformity of its colour throughout the whole 
surface (Figure 63-d)). A small amount of dark round features (with sizes ranging 
between 20 to 60 µm) comprising concentric rings (Figure 63-f)) can be seen on its 
surface. A possible explanation of the origin of these features, as well as those seen on 
the film deposited at 350°C, will be given in the discussion later. In order to have a 
clearer view of the role of post-deposition annealing in films formed at different 
temperatures, current efficiency values for all devices fabricated in this study may be 
plotted against the metal oxide deposition temperature.  
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Figure 64. Current efficiency values of HyLEDs employing ZrO2 EILs deposited at various 
temperatures: before (open squares) and after post-deposition annealing (filled stars) 
at 450°C for 30 min; arrows indicate changes in the current efficiency values after 
the post-deposition annealing  
 
As one can see in Figure 64, in ZrO2 films deposited at temperatures below 450°C 
the post-deposition annealing step leads to a significant improvement in the efficiency, 
by more than a factor of 2. At the same time, the similar treatment does not lead to any 
changes in performance of the films deposited at 500°C. A preliminary explanation of 
the influence of post-deposition annealing is that it may help improve crystallinity of the 
metal oxide layer, the effect being more profound in films that are more amorphous (i.e. 
deposited at lower temperatures). The annealing step is therefore vital if the spray 
deposition temperature is set at or below 450°C. 
With the help of the DIC technique, changes in the quality of the metal oxide 
deposited at 450°C after the post-deposition annealing step have been examined. Figure 
65 demonstrates the optical micrographs of freshly sprayed films (“fresh”) and films 
annealed at 450°C in air following the deposition (“post-annealed”).  
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Figure 65. a), b) and c) DIC microscopy images of “freshly sprayed” ZrO2 films deposited at 
450°C; d), e) and f) DIC microscopy images of ZrO2 films following post-deposition 
annealing in air at 450°C for 30 min; arrows in f) indicate sub-micron particles 
present on the surface of the annealed sample 
 
Above all, in both cases of the “fresh” and “post-annealed” films, their surfaces 
are generally flat, but contain a number of dark round features similar to those seen in 
Figure 63 for zirconia formed at 350°C and 500°C. The concentration of these features 
on the examined surface is approximately the same for both samples shown in Figure 
65, though it is seemingly higher than in the film deposited at 500°C. In Figure 65-b) 
broad round patterns surrounding a hazy dark centre and interconnecting with each 
other can be seen. Figure 65-c) shows that these patterns are formed of a large number 
of small particles of sub-micron sizes. The same small particles can be observed in 
450°C 
fresh 
450°C 
post-annealed 
a) b) 
450°C 
fresh 
c) d) 
450°C 
fresh 
e) f) 
450°C 
post-annealed 
450°C 
post-annealed 
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Figure 65-c) for the post-deposition annealed ZrO2, with them being more dispersed 
throughout the film and their number being significantly smaller.  
As was described in Section 1.3.3, the process of spray pyrolysis may proceed 
according to four different mechanisms, depending on the substrate temperature used 
during the deposition [75]. These mechanisms lead to four types of the resulting films: 
A) rough films formed from crystallization of solution droplets on the surface of a 
substrate; B) amorphous films produced from solid precipitates reaching the substrate 
(formed after evaporation of solvent from liquid droplets); C) smooth films produced by 
decomposition of precipitates adsorbed in the vapour form to the surface of the 
substrate, D) non-adherent films of solid particle aggregates of a target material formed 
before reaching the substrate. One can also expect the actual nature of films produced 
by spray pyrolysis to vary with temperature of deposition between these cases.  
Based on the DIC observations in Figure 63 and Figure 65, films produced at the 
investigated range of temperatures can be assigned to a certain film type, according to 
an expected deposition mechanism. As such, rough ZrO2 layers deposited at 350°C 
(Figure 63) may correspond to Type A. The coloured patterns observed in the 
micrographs of these layers are likely to have been formed by splashing of spray 
droplets reaching the substrate in the liquid form over the targeted surface. All of the 
sprayed films have good adherence to the substrate and therefore neither of them seems 
to relate to type D. The presence of a large number of sub-micron particles on the 
surface of the layer “freshly sprayed” at 450°C (Figure 65-c)), reduction in their number 
after the post-deposition annealing (Figure 65-f)) and their virtual absence on the 
sample deposited at 500°C (Figure 63-f)) may shed light on the origin of the particles.  
Taking into account the above-given classification of spray pyrolysis mechanisms, 
these particles may represent precipitates, which have been formed upon evaporation of 
the solvent in the reagent solution droplets, and which have not decomposed after 
reaching the surface of the substrate. On these grounds, it is reasonable to assume that 
the spray pyrolysis temperature of 450°C results in formation of Type B films. It could 
then be suggested that the role of the post-deposition annealing step lies in reduction in 
their number of un-reacted precipitates through their decomposition on the surface of 
the zirconia film. This, in turn, may have an effect on the HyLED performance, 
significantly improving the device efficiency, as can be seen from the operational 
characteristics in Figure 64. By contrast, since the metal oxide freshly deposited at 
500°C does not comprise the precipitate particles (not shown), post-deposition 
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annealing does not have a strong effect on the quality of its surface and the resulting 
performance of diodes comprising this film as an EIL. A conclusion is thus made that 
the choice of the ZrO2 deposition temperature of 450°C followed by annealing of the 
sample in air at 450°C produces the optimum quality of the metal oxide film for the 
used deposition method and the range of temperatures available for device fabrication.  
The origin of large features with sizes ranging between 10 to 60 µm in all films 
demonstrated in Figure 63 and Figure 65 is not determined at present. Relative 
proximity of the size of these features in all films may suggest that their origination in 
all cases is probably identical. The fact that some of these features are situated at centres 
of the previously mentioned coloured patterns, as in Figure 63-e), may imply that the 
former correspond to large particles surrounded by the reactant solution prior to them 
hitting the substrate. Figure 63-e) shows cracks in an underlying ZrO2 layer originating 
from a point where a particle hits the surface of the metal oxide. This, on the one hand, 
demonstrates large velocities of spray droplets upon deposition, and on the other hand, 
indicates how brittle the sample deposited at 350°C is. The large size of the particles 
seen in Figure 63 and Figure 65 is bewildering considering that, prior to the spray 
deposition, the reagent solution was filtered through a 0.2 µm PTFE filter, though such 
explanations as possible presence of occasional contaminants in a spraying device, or 
aggregation of undissolved zirconium acetylacetonate particles after filtering cannot be 
excluded.  
 
4.5.3. Influence of rate of spraying  
 
In addition to the experiments described above, a study of the influence of ZrO2 
morphology on the HyLED performance has been performed. Morphology of spray-
pyrolysed films depends on a number of factors including substrate temperature, carrier 
gas flow rate, size of droplets, etc. Herein the role of the rate of precursor solution 
spraying on the device efficiency is considered. This parameter controls the speed and 
size of droplets [62], thereby influencing the film microstructure. The density and size 
of pinholes and protrusions at the interface with the polymer material may also be 
affected. In the deposition setup used herein, this parameter was controlled by spray 
pressure of the carrier gas. The resulting thickness of the ZrO2 films used for this study 
was 30 nm. High-molecular weight F8BT spin-cast from the 14 g L
-1
 solution and 
annealed at 210°C acted as an emissive layer in the fabricated devices.  
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Three types of devices were fabricated using three different precursor solution 
extraction rates: Device I – sprayed at the rate of 3.3 mL min-1, Device II – sprayed at 
4.6 mL min
-1
, and Device III – deposited at the rate of 5.4 mL min-1. The given rates 
correspond to carrier gas pressures of 1, 1.5 and 2 bar and film deposition rates of 0.2, 
0.3 and 0.5 nm s
-1
, respectively. J-V-L curves of the corresponding devices are given in 
Figure 66. The zirconia film deposited at the rate of 3.3 mL min-1 has a stronger hole-
blocking character than its counterparts, as demonstrated by a higher voltage (of 
approximately 5 V) at which the current shows rapid growth in the corresponding 
device, compared to 4 V for the other devices. As a result, improved maximum 
brightness and efficiency are observed for Device I. In the HyLEDs using the films 
deposited at 4.6 and 5.4 mL min
-1
, J-V-L curves undergo changes from those in Device 
I, with characteristics above 6 V shifting to the higher voltage. Device II demonstrates 
the poorest performance, its maximum efficiency dropping by a factor of 2 compared to 
the HyLED using the ZrO2 film sprayed at 3.3 mL min
-1
. Current efficiency of Device 
III is 25% lower than that of Device I.  
a)
-4 -2 0 2 4 6 8 10 12
10
-6
10
-4
10
-2
10
0
10
2
10
-2
10
0
10
2
10
4
10
6
C
u
rr
e
n
t 
d
e
n
s
it
y
/ 
m
A
 c
m
-2
Voltage/ V
L
u
m
in
a
n
c
e
/ 
c
d
 m
-2
b)
0 200 400 600
0
1
2
3
4
 
 
C
u
rr
e
n
t 
e
ff
ic
ie
n
c
y
/ 
c
d
 A
-1
Current density/ mA cm
-2
 
Figure 66. a) J-V (left ordinate, full symbols) and L-V (right ordinate, open symbols) 
characteristics of Devices I, II and III with ZrO2 layer sprayed at precursor solution 
spraying rates of 3.3 mL min
-1
 (black, squares), 4.6 mL min
-1
 (red, triangles) and 5.4 
mL min
-1
 (green, stars), respectively; b) effJ-J characteristics of the same devices as 
in a) 
 
To explain these observations, AFM images of the ZrO2 films sprayed at the rates 
of 3.3, 4.6 and 5.4 mL min
-1
 have been taken (Figure 67). All films show granular 
surface morphology as seen in the 1 µm-scale micrographs, with grain size growing as 
the spraying rate rises. Smaller grain size indicates a more compact film structure, 
which is consistent with stronger hole blocking ability. Interestingly, the best-
performing 3.3-mL min
-1
 film demonstrates the highest roughness at the scale of 1 µm 
with features reaching 18 nm (Figure 67-a)).  
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a)  b)
c)  d)
e)    f)  
Figure 67. AFM images of ZrO2 films sprayed at precursor solution spraying rates of 3.3 mL 
min
-1
 (a) and b)), 4.6 mL min
-1
 (c) and d)) and 5.4 mL min
-1
 (e) and f)) using 1 µm 
(a), c) and e)) and 10 µm (b), d) and f)) scales  
 
One of the possible reasons for poor performance of the 4.6-mL min
-1
 device 
among the examined HyLEDs may be observed in the 10-µm micrograph of the 
corresponding zirconium dioxide film (Figure 67-d)). This film appears to have large 
features as high as 150 nm and as large as several hundred nanometres on its surface, 
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possibly due to an unintentional contamination during the deposition. Presence of the 
irregularities and protrusions with sizes above 100 nm may have a detrimental effect on 
the device performance, considering the thickness of the active polymer layer of only 80 
nm. Such features on the surface of the ZrO2 EIL may lead to uneven charge injection 
into the emissive layer and may create non-emissive pinholes and shortage paths 
compromising performance of light-emitting devices. 
 
4.5.4. Nanostructuring of a ZrO2 EIL 
 
In the final study reported in this chapter, the influence of the nano-scale 
morphology of ZrO2 on its role as an electron-injecting material is explored. The 
approach for investigation is based on the substitution of the spray-pyrolysis-deposited 
EIL with a mesoporous layer of the same material. Deposition of such a film is 
performed via spin-coating of a largely available commercial colloidal solution, 
followed by sintering in order to create an interconnected network for improved charge 
transport. There are several potential benefits of using such an injecting layer, including 
mechanical and electrical robustness, low cost, transparency, atmospheric stability and 
ability to be solution-processed [201]. In Chapter 4 the use of the nanostructured 
HyLED architecture employing a TiO2 EIL has been demonstrated. Results presented 
therein showed inferior performance of the mesoporous injecting layer of titanium 
dioxide compared to the flat one, which was attributed to the poorer hole-blocking 
ability of the former EIL. It was suggested however, that the nanostructured architecture 
offered some advantages in terms of the luminance turn-on voltage and efficiency at 
lower voltages.  
Herein the influence of nanostructuring on the EIL performance in the ZrO2-based 
HyLED is tested. The basic structure of the nanocrystalline inverted HyLED reported in 
this study is presented in Figure 68. The device has a layered architecture in which the 
polymer layer is sandwiched between the nanostructured and flat metal-oxide layers of 
ZrO2 and MoO3, respectively. Lumation Green was used as an emissive layer in this 
study. To investigate how polymer annealing, as part of a device fabrication protocol, 
affects the performance of a nanostructured HyLED upon operation in air, nano-ZrO2 
HyLEDs comprising either a pristine or an annealed polymer emitter were made. 
Additionally, a reference diode with a flat zirconium dioxide EIL was fabricated.  
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Figure 68. Schematic representation of a HyLED using a nanostructured ZrO2 EIL and built 
from the following components: a cathode (ITO), a nanostructured EIL (Nano-
ZrO2), a light-emitting polymer layer, an HIL (MoO3) and an anode (Au) 
 
Figure 69 demonstrates J-V-L and current density versus current efficiency 
characteristics of these devices. The first thing to notice is the fact that polymer 
annealing in the nanostructured HyLED results in significant enhancement in brightness 
and efficiency, by more than an order of magnitude. At the same time, current in the 
annealed device increases by approximately a factor of 2 at voltages above 7 V. This 
suggests that the rise in efficiency may not be due to improved electron injection, but 
rather due to such factors as reduced non-radiative recombination at the metal-
oxide/polymer interface, enhanced luminescence efficiency, modulation of electron/hole 
ratio through variation of carrier mobilities, and better light out-coupling in the annealed 
polymer film. 
Comparison of J-V curves in polymer-annealed flat and nanostructured HyLEDs 
shows a considerably lower current in the former device. Considering that the devices 
have the same hole-injecting layer, the hole injection is expected to be relatively similar 
in both diodes. The observed difference in J-V characteristics is therefore either due to 
improvement in electron injection and/or enhanced hole leakage in the nanostructured 
HyLED. Since the flat device shows higher luminance (7900 cd m
-2
 compared to 5240 
cd m
-2
) and efficiency (1.65 cd A
-1
 compared to 1.05 cd A
-1
) than the nanostructured 
diode, hole leakage must have the major role in determining limitations in performance 
of the latter device. The fact that luminance turn-on voltage in the nanostructured 
HyLED is 1.6 V lower than in its flat counterpart infers improved electron injection. 
This is also in agreement with previously observed lowering of luminance turn-on 
voltage in nanostructured HyLEDs using TiO2 EIL. The fact that luminance turns on at 
Glass
ITO
Light-
emitting 
polymerNano-
ZrO2
Au
e-
MoO3
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a higher current density in the nano-HyLED confirms highly unbalanced hole and 
electron currents running through the device and, consequently, large hole leakage in it 
(Figure 69-d)). It is noteworthy however that beyond the turn-on the luminance rises at 
a much faster rate with current in the nanostructured device. This may suggest that the 
electron injection in this device rises faster than the hole leakage as more current is 
injected.  
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Figure 69. a), b), c) and d), respectively, J-V, L-V, effJ-J and L-J characteristics of 
nanostructured ZrO2 HyLEDs with either a pristine (black, squares) or an annealed 
(red, triangles) light-emitting layer of Lumation Green; corresponding curves for a 
HyLED using a non-nanostructured (compact) ZrO2 layer with an annealed polymer 
layer (blue, stars) are given as a reference  
 
In summary, fabrication of a novel type of a HyLED has been demonstrated in 
which an electron-injecting material is structured at a nanometre scale and deposited in 
a facile way by spin-casting from a colloidal solution. It is hoped that this approach may 
contribute to the creation of low-temperature and fully solution processed hybrid light-
emitting diodes. 
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4.6. Conclusion 
 
In conclusion, a detailed study of a hybrid metal-oxide/polymer LED employing a 
ZrO2 EIL has been performed. The focus has been made on optimization of the device 
architecture through modification of the emissive layer and the electron-injecting 
material. First, it has been demonstrated that the inverted metal-oxide/polymer LED 
architecture is capable of producing bright and efficient devices using a variety of light-
emitting polymers, in addition to F8BT which had previously been used “exclusively” 
with other hybrid metal-oxide/polymer diodes. Efficient hole-blocking by ZrO2 is 
considered to be the major factor determining good performance of the devices studied. 
In terms of modification of an emissive layer, annealing of all the polymers studied 
herein above the glass transition temperature led to significant enhancement of the 
device brightness and efficiency. As such, maximum brightness rose by up to 13 times 
for various emissive layers, while maximum current efficiency increased by up to 5 
times. This is accompanied by observation of significant device deterioration upon 
polymer annealing when TiO2 and ZnO are used as an EIL, while the same treatment 
results in an enhancement in the performance of the Al2O3-EIL devices. Correlation 
between the positions of the EIL conduction band and the polymer LUMO and the 
influence of polymer annealing is suggested. The effect of annealing is attributed to a 
combination of morphological rearrangement of polymer chains resulting in reduced 
exciton quenching and improved contact between the emissive layer and the EIL. ZrO2 
layer thickness was also found to affect the device performance in terms of device 
efficiency and brightness. While at low ZrO2 thickness, below 20 nm, efficiency is 
limited by the poor hole blocking ability, at thicknesses higher than 60 nm poor electron 
injection may be a limiting factor. For all of the devices studied herein the highest 
efficiency has been obtained for zirconia with thickness in range of 30-50 nm. ZrO2 
morphology has also been found to play a major role with more compact metal-oxide 
films resulting in higher efficiencies. Finally, a new methodology has been presented 
for an inverted HyLED architecture that allows fabrication of devices with a nanometre 
scale control of morphology of the electron-injecting layer in a facile way. This device 
demonstrates the lowering of the luminance turn-on voltage and operational 
characteristics close to those obtained using a flat spray-pyrolysis deposited EIL. 
Overall, it has been shown that optimization of the each of the functional layers in 
a hybrid metal-oxide/polymer light-emitting diode may lead to significant 
CHAPTER 4 PARAMETERS INFLUENCING PERFORMANCE OF A HYLED... 
138 
improvements in the device performance. As such, it is hoped that this work can 
contribute to understanding of the potential and limitations of this class of devices. 
 
  
Chapter 5. USE OF MULTI-COMPONENT METAL-OXIDE 
ELECTRON-INJECTION LAYERS IN HYBRID METAL-
OXIDE/POLYMER LIGHT-EMITTING DIODES 
 
In this chapter, the idea of combining good electron transport and efficient 
hole blocking in a single EIL is explored. The suggested approach lies in 
building an EIL from two or more components, each of them performing a 
specific function: either transport of electrons, or blocking of holes. 
Materials used as electron-transporting components are TiO2 and ZnO, 
while Al2O3 and ZrO2 are employed as hole-blocking components. It is 
demonstrated that the use of multi-component EILs in HyLEDs is an 
efficient way of enhancing device performance both in terms of efficiency 
and luminance. 
 
5.1. Introduction 
 
Results presented in Chapters 4 and 5 demonstrate the importance of an electron-
injecting layer (EIL) in the HyLED architecture. It has been shown that in order to 
obtain an optimum electron-hole balance in the active layer, the EIL must carry out two 
roles: it must be able to ensure strong injection of electrons and, maybe even more 
importantly, efficient blocking of holes. As such, one can expect to observe an 
enhancement in the device performance if an improvement in either electron-
transporting or hole-blocking properties of the EIL is achieved. For example, 
substitution of the titanium dioxide (TiO2) EIL with a better electron-conducting zinc 
oxide (ZnO) thin film led to rising of the device efficiency and brightness, as was 
observed by Bolink et al. [135]. In this case, the hole-blocking barrier remained almost 
unchanged due to the approximate positions of the TiO2 and ZnO valence band edges. 
In a different example seen in Chapter 4, the use of a zirconium dioxide (ZrO2) EIL, 
which is less conductive than titania but has a higher ionization potential (and therefore 
presents a larger barrier for blocking of holes), has also resulted in an improvement in 
the HyLED performance.  
Finding a single material combining both good electron-injecting and hole-
blocking characteristics has so far been a challenge. One of the typical approaches to do 
this is to employ a very thin (0.1-1 nm) film of an ionic salt, such as LiF or Cs2CO3, as 
an injecting layer on ITO [202]. Although the exact mechanism by which insertion of 
thin layers of these materials enhances the device performance is unclear at present, 
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numerous reports seem to suggest that they 1) reduce the work function of a cathode, 
thereby lowering the electron-injection barrier, and 2) increase the barrier for blocking 
of holes. Alternatively, a thin (~1 nm) insulating metal oxide layer, such as Al2O3, has 
also resulted in an improvement in the device performance, which was attributed to an 
enhancement in electron tunnelling and removal of exciton-quenching states at the 
interface of an emissive layer and a cathode [89]. In the context of the HyLED devices, 
the use of Cs2CO3 has so far proved to be most successful, helping to fabricate devices 
with efficiency of the order of those with a conventional architecture, which uses a low-
work function metallic cathode [136, 174]. 
Herein, an attempt is made to combine electron-transporting materials, TiO2 and 
ZnO, with hole-blocking layers of Al2O3 and ZrO2 in one EIL, in order to obtain an 
enhancement in the HyLED efficiency. First, electron-injecting characteristics of these 
metal oxides are examined, and then operational characteristics of the devices using 
multi-component EILs are investigated. 
 
5.2. Experimental details 
 
Device fabrication was performed in a similar way to the procedure reported 
previously and comprised the following stages: substrate cleaning, spray pyrolysis, 
polymer spin-casting, and HIL and anode evaporation. Deposition of spray-pyrolysed 
layers of TiO2 and ZrO2 was performed in the same way as reported, respectively, in 
Chapters 4 and 5. Briefly, solution for the TiO2 spray pyrolysis was prepared by mixing 
Ti(O
i
Pr)4 with 2,4-pentanedione in the 2:1 molar ratio and adding ethanol to obtain the 
concentration of 0.25 M. ZnO precursor solution was prepared by dissolving zinc 
acetate in a mixture of deionised water and propan-2-ol (in a 2:3 volume ratio) to 0.2 M 
concentration. Deposition of ZrO2 was performed from a 0.066 M solution of zirconium 
acetylacetonate in DMF. Thin films of Al2O3 were sprayed from a 0.1 M solution of 
aluminium acetylacetonate in DMF. Prior to deposition of TiO2 and ZnO the reagent 
solutions were filtered using a 0.2 µm cellulose acetate membrane filter (Minisart, 
Sartorius Stedim Biotech GmbH). The solutions for spray pyrolysis of ZrO2 and Al2O3 
were filtered using a 0.2 µm PTFE filter (VWR International). The substrate 
temperature of 450°C was used for deposition of all metal oxide layers reported in this 
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Chapter. Post-deposition annealing at 450°C for 30 min was also performed for all the 
metal oxide films.  
A Lumation Green light-emitting polymer was spin-cast from a 10 g L
-1
 
chlorobenzene solution as an active layer. Following the deposition of the active layer, 
annealing was performed in a nitrogen atmosphere at 220°C for 20 min. MoO3 acted as 
an HIL, and Au used as an anode were thermally evaporated in vacuum as described in 
Chapter 3. 
 
5.3. Use of single-component electron-injection layers in the HyLED 
architecture 
 
The performance of transparent metal oxide films of TiO2, ZnO, ZrO2 and Al2O3 
acting as single-component EILs is analyzed first. The thickness of the metal oxide 
layers deposited using the spray-pyrolysis technique is approximately 30 nm. A pristine 
film of Lumation Green (~60 nm) is employed as an active layer in all devices studied 
here. As such, devices having the following structures have been fabricated: 
- Device I: ITO/Lumation Green/MoO3/Au; 
- Device II: ITO/TiO2/Lumation Green/MoO3/Au; 
- Device III: ITO/ZnO/Lumation Green/MoO3/Au; 
- Device IV: ITO/ZrO2/Lumation Green/MoO3/Au; 
- Device V: ITO/Al2O3/Lumation Green/MoO3/Au; 
Device I in which a metal-oxide EIL is omitted, i.e. in which Lumation Green is 
deposited straight on ITO, is fabricated for a reference. Figure 70 demonstrates J-V, L-V, 
effJ-J and effL-L curves for the diodes under study.  
As one can see, Device I, not employing an EIL, produces the smallest luminance 
(below 0.1 cd m
-2
) among all the devices, at the same time demonstrating the highest 
current density. In Devices II and III, current density-voltage curves demonstrate 
approximately similar characteristics, despite the reverse current in the ZnO-based 
diode being notably higher than in the device using the TiO2 EIL. The use of ZrO2 and 
Al2O3 in Devices III and V, respectively, results in lowering of the current density 
values at a given voltage relative to Devices I, II and III, with Device V demonstrating 
the more pronounced reduction (Figure 70-a)). Maximum luminance in the EIL-
employing diodes varies from ~4 cd m
-2
 for Device II to 2700 cd m
-2
 for Device III, 
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1790 cd m
-2
 for Device IV and 2670 cd m
-2
 for Device V (Figure 70-b)). Comparison of 
EffJ-J curves (Figure 70-c)) indicates that Devices IV and V make the most efficient 
light-emitting diodes among the group, in terms of current efficiency. They are followed 
by the devices using ZnO and TiO2, while the least efficient diode is Device I with no 
EIL. In terms of power efficiency (Figure 70-d)), Device IV produces the highest 
efficiency followed, in descending order, by Device III, Device V, Device II and 
Device I. 
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Figure 70. a), b), c) and d), respectively, J-L, L-V, effJ-J and effL-L characteristics of HyLEDs 
using different EILs: no EIL (black squares), TiO2 (red, circles), ZnO (green, 
triangles), ZrO2 (blue, diamonds) and Al2O3 (cyan, stars)  
 
In Table 5, major operational characteristics of the HyLEDs under study are 
presented. Along with the device data, reference values for the valence band edges and 
conductivities of the metal oxides employed as the electron-injecting layers are 
included. It was demonstrated in the past that ZnO may act as a more efficient electron-
transporting material for HyLEDs than TiO2 [135]. The data presented in Table 5 
suggests that this may be due the better conductivity of the former metal oxide. Higher 
EIL conductivity may result in a larger electron current to match the dominant 
population of holes in the light-emitting layer and, consequently, in an improvement in 
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the device efficiency. Better electron transport in the ZnO EIL relative to TiO2 may also 
be inferred from comparison of the reverse currents in the corresponding devices: the 
reverse current in Device III is notably higher than that in Device II. Similar forward 
currents and different reverse currents observed for the TiO2 and ZnO-based HyLEDs 
may suggest that in both devices the current in the forward direction is dominated by the 
transport of holes. Indeed, the valence band edge of ZnO is approximately similar to 
that of titania, producing a similar barrier for hole blocking, and therefore a potentially 
similar hole leakage current.  
 
EIL Valence 
band edge, 
eV 
Conductivity, 
S cm
-1 
Maximum 
luminance,    
cd m
-2
  
(at voltage, V) 
Maximum 
current 
efficiency, 
cd A
-1 
Maximum 
luminous efficacy, 
lm W
-1
 (at 
luminance, cd m
-2
) 
No EIL   0.07 (9.6) 2×10
-6
 5×10
-7
 (0.07) 
TiO2  
(30 nm) 
-(7.0-7.4) 
[134, 137] 
~10
-1
-10
-4
 
[203] 
3.95 (12.6) 3×10
-4
 9×10
-5
 (1.91) 
ZnO  
(30 nm) 
-(7.5-7.6) 
[192] 
~10
-1
 [204] 2794 (12.8) 0.12 0.03 (2588) 
ZrO2  
(30 nm) 
-8.7 [172] ~10
-12
[205] 1789 (12.8) 0.52 0.19 (169.3) 
Al2O3  
(30 nm) 
-10.5 [193] ~10
-12
 [206] 2674 (29.4) 0.18 0.02 (24.7) 
 
Table 7. Compilation of operational characteristics of HyLEDs employing different single-
component metal-oxide EILs and a pristine film of Lumation Green as an emissive 
layer, along with valence band edges and conductivity values in respective electron-
injecting materials, quoted in literature references; data of the device without an EIL 
(No EIL) are given for a reference 
 
In contrast to ZnO, conductivity in ZrO2 and Al2O3 is much lower than that in 
TiO2, and therefore enhanced electron injection cannot explain high efficiencies 
observed in the corresponding devices. However, valence band edges of zirconium 
dioxide and aluminium oxide are much deeper than those in TiO2, resulting in an 
increased hole-blocking barrier which may provide an explanation for the observed 
enhancement in the device performance. Depending on the values of electrical 
conductivity and positions of the valence band edges, one can classify the electron-
injection materials studied here into predominantly “electron-transporting” (TiO2 and 
ZnO) and predominantly “hole-blocking” (ZrO2 and Al2O3). 
In summary, the data presented herein suggests that efficiencies of the HyLEDs 
using different electron-injecting materials may be influenced by electron-transporting 
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and hole-blocking properties of their EILs. According to the data demonstrated above, 
better hole-blocking may have a stronger influence on the improvement in the device 
efficiency. Combining good electron-transport with efficient hole-blocking may help 
maximize the performance of an EIL. One possibility to achieve this is to bring 
“electron-transporting” and “hole-blocking” materials together in a multi-component 
EIL. 
 
5.4. Use of multi-component metal-oxide EILs in the HyLED 
architecture 
 
In the previous section TiO2 and ZnO were classified as electron-injecting 
materials with “predominantly electron-transporting” characteristics, while ZrO2 and 
Al2O3 were suggested to exhibit a stronger hole-blocking character along with a poorer 
electron transport. The division of the materials into two groups may imply that 
achieving both good electron transport and efficient hole blocking in a single metal 
oxide material can be challenging. It may be suggested that combining materials from 
the two groups might bring together both fast electron transport and strong blocking of 
holes. As such, one can propose various EIL structures, using different metal-oxide 
combinations: TiO2/Al2O3, TiO2/ZrO2, ZnO/Al2O3. In order to improve the hole-
blocking characteristics not only two-component, but also three-component EIL 
combinations may be considered. The described approach is similar to the use of 
multiple layers of charge transporting materials in small-molecule OLEDs with the 
difference lying in the deposition procedure (spray pyrolysis versus vacuum 
evaporation). In the following sections, the performance of devices using multiple 
layers of transparent metal oxides as EILs is examined. In accordance with the results 
reported in Section 4.4.2, the active layer is annealed in order to maximize device 
efficiency for all the devices reported below. 
 
5.4.1. TiO2/Al2O3 
 
First, devices using a TiO2/Al2O3 combination EIL are considered. Figure 71 
demonstrates operational characteristics of the diodes with aluminium oxide layer 
thickness gradually varying from 2 to 10 nm. The TiO2 layer thickness is 20 nm and 
unchanged in all of the devices. The growth in the thickness of Al2O3 on titania results 
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in a shifting of the current density-voltage and luminance-voltage curves to higher 
voltages. The 5 nm-thick layer of Al2O3 on TiO2 produces the highest efficiency among 
the devices, exceeding 1.1 cd A
-1
, and reaches the brightness of 12000 cd m
-2
. It is 
noteworthy that with a thicker aluminium oxide layer the luminance turn-on current 
density gradually reduces, suggesting an improvement in the electron-hole balance at 
the onset of emission (Figure 71-d)). 
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Figure 71. a), b), c) and d), respectively, J-V, L-V, effJ-J and L-J characteristics of the HyLEDs 
using a TiO2/Al2O3 EIL with different Al2O3 thicknesses: 2 (black, squares), 4 (red, 
circles), 5 (green, triangles), 6 (blue, reverse triangles), 8 (cyan, diamonds) and 10 
nm (magenta, stars) 
 
Reduction in the device efficiency at Al2O3 thicknesses above 5 nm may be due to 
a large increase in series resistance of the metal oxide EIL (Figure 71-c)). Apart from 
impeding the electron injection, the rise in resistance may induce higher heat 
dissipation, and subsequent lowering of the polymer luminescence efficiency. The 
higher efficiency for the 10-nm thick Al2O3 layer may be related to voltage-modulated 
electron and hole mobilities in the polymer and thickness-modulated mobility in the 
metal oxide layers [207, 208]. 
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As one can see in Figure 72, combination of TiO2 and Al2O3 leads to an 
improvement in the HyLED performance relative to the diodes fabricated using the 
individual EIL components. For the two metal-oxide layers of TiO2 (20 nm) and Al2O3 
(5 nm), the device using a single-component TiO2 EIL produces the lowest efficiency, 
followed by the Al2O3-based device, while the double-component EIL diode 
demonstrates the best performance. Both in terms of efficiency and brightness, the 
device using a combination EIL produces almost an order of magnitude better 
performance than the 5-nm Al2O3-based device.  
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Figure 72. Comparison of luminous efficacies in the HyLEDs using TiO2 (20 nm) (squares), 
Al2O3 (5 nm) (triangles), Al2O3 (25 nm) (reverse triangles) and a combination of 
both metal oxides, TiO2(20nm)/Al2O3(5nm) (stars), as an EIL 
 
Most importantly, the two-component HyLED favours very well against the 25-
nm Al2O3 device, which possesses a much stronger hole-blocking ability. Although at 
brightness levels below 100 cd m
-2
 the single aluminium oxide layer diode demonstrates 
efficiency higher than the combination EIL HyLED, at luminance above 100 cd m
-2
 
efficiency of the latter device overcomes that of the former. The maximum luminance in 
the two-component EIL diode is also higher than in the device with a single EIL. 
 
5.4.2. ZnO/Al2O3 
 
The electron-injecting and hole-blocking properties of the combination of ZnO 
and Al2O3 are expected to be relatively similar to the TiO2/Al2O3 two-component EIL, 
because ZnO is a well-known high-conductivity metal oxide, and Al2O3 possesses a 
strong hole-blocking capability. Thus, it could be expected that the Zn/Al2O3 system 
acts as an efficient EIL. In order to investigate this, devices using a ZnO/Al2O3 EIL 
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were built, in which the ZnO layer thickness was 20 nm, and the aluminium oxide layer 
thickness was either 5 or 10 nm. Figure 73 presents the performance characteristics of 
these devices. Similar to the cases of Al2O3 on TiO2, increasing the aluminium oxide 
thickness shifts J-V and L-V curves towards higher voltages and improves the device 
efficiency.  
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Figure 73. a) J-V (left ordinate, full symbols) and L-V (right ordinate, open symbols) 
characteristics of the HyLEDs using ZnO/Al2O3 EIL with different Al2O3 thickness 
being 5 (red, circles) or 10 (green, triangles) nm, where ZnO thickness is 20 nm; 
characteristics of a 20-nm ZnO HyLED (black, squares) are given as a reference; b) 
effJ-J characteristics of the same devices as in a) 
 
As one can see, the use of Al2O3 enhances the device performance significantly. 
This may partly be due to the annealing of the active layer, which, as has been observed 
previously (Section 4.4.2), leads to deterioration of the HyLED using a ZnO EIL, and 
an improvement in the device employing the Al2O3 EIL. However, even when the two-
component EIL device is compared to the one comprising the single-component ZnO 
EIL with a pristine EML (Figure 70), the former diode still demonstrates better 
efficiency.  
 
5.4.3. TiO2/ZrO2 
 
The next metal-oxide combination to be investigated is a TiO2/ZrO2 EIL. In the 
corresponding HyLEDs, thickness of the the titanium dioxide layer is 20 nm, while the 
ZrO2 layer has thickness ranging between 2, 5 and 10 nm. Figure 74 demonstrates 
operational characteristics of the devices employing these EILs, and includes data for a 
single-component ZrO2 EIL HyLED as a reference. Insertion of ZrO2 between TiO2 and 
the polymer helps raise both luminance and efficiency, with thicker zirconia layers 
resulting in a more pronounced change. However, the maximum efficiency in the best 
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performing two-component HyLED with an overall EIL thickness of 30 nm does not 
exceed 1 cd A
-1
 and is lower than that in the single-component ZrO2 device with the EIL 
thickness of 20 nm. A 30-nm thick two-component EIL (10 nm of ZrO2 on 20 nm of 
TiO2) is therefore not sufficient to provide performance better than that a 20 nm-thick 
layer of ZrO2 provides (which is potentially more convenient to deposit). This implies 
that the role of TiO2 may be of lower importance in increasing the device efficiency 
when it is used in combination with ZrO2 in a two-component HIL. 
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Figure 74. a) J-V (left ordinate, full symbols) and L-V (right ordinate, open symbols) 
characteristics of the HyLEDs using a TiO2/ZrO2 EIL with different ZrO2 thickness: 
2 nm (black, squares), 5 nm (red, circles) and 10 nm (green, triangles). TiO2 
thickness is 20 nm. Characteristics of a 20-nm ZrO2 HyLED (dark yellow, stars) are 
given as a reference. b), c) and d), respectively, effJ-J, effL-L and L-J characteristics 
of the same devices as in a) 
 
 
5.4.4. ZrO2/Al2O3 
 
Now, the attention is turned towards a combination of two metal oxides with a 
strong hole-blocking character: ZrO2 and Al2O3. In the devices studied here, an Al2O3 
layer was deposited on top of ZrO2 prior to polymer spin-casting, as aluminium oxide 
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was expected to offer better blocking of holes. As one can see in Figure 75, the growth 
in Al2O3 thickness results in a reduction in the current density and an increase in the 
luminance turn-on voltage. At the same time it reduces the luminance turn-on current 
density suggesting an improvement in the charge balance at the onset of emission. The 
highest current efficiency is demonstrated by the diode with the thickest (10 nm) 
aluminium oxide layer, while the highest luminous efficacy is demonstrated by the 
device in which Al2O3 has a thickness of 5 nm.  
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Figure 75. a) J-V (left ordinate, full symbols) and L-V (right ordinate, symbols) characteristics 
of the HyLEDs using a ZrO2/Al2O3 EIL with different thicknesses of the Al2O3 
layer: 0 (black, squares), 2 (red, circles), 5 (green, triangles) and 10 (blue, stars) nm. 
ZrO2 thickness is 20 nm. Annealed Lumation Green is used as a light-emitting layer; 
b), c) and d), respectively, effJ-J, effL-L and L-J characteristics of the same devices 
as in a) 
 
 
5.4.5. Comparison of two-component EILs 
 
The data presented above demonstrates that a combination of two metal-oxide 
layers may lead to a significant enhancement in performance of a HyLED compared to a 
single-electron-injection-layer device. Figure 76 demonstrates the differences in J-V-L 
characteristics of two-EIL devices with Al2O3 blocking layer thickness of 5 nm. ZnO 
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and TiO2 result in relatively close luminance-voltage curves, however ZnO produces 
significantly higher current density, and therefore reduced efficiency. While showing 
the lowest luminance and the highest luminance turn-on voltage the diode comprising 
two predominantly blocking layers of zirconium dioxide and aluminium oxide also has 
the highest luminous efficacy, which reaches the maximum at the luminance of         
350 cd m
-2
. 
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Figure 76. a) Comparison of J-V (left ordinate, full symbols) and L-V (right ordinate, open 
symbols) curves in HyLEDs using TiO2 (red, circles), ZnO (green, triangles) and 
ZrO2 (blue, stars) covered by Al2O3 as an EIL; layer thickness in the former two 
metal oxides is 20 nm, while Al2O3 is 5 nm-thick; b) luminous efficacy-luminance 
characteristics of the same devices as in a) 
 
It may be concluded that having the same thickness and the same aluminium 
oxide over-layer on top, ZrO2 makes a better choice in terms of efficiency than both 
ZnO and TiO2 when used in a two-component EIL. The reason for this may lie in the 
fact that the former configuration provides more efficient blocking of holes. At the same 
time, the maximum brightness of the corresponding diode is significantly lower than 
that in the TiO2/Al2O3 HyLED due to electron injection also being hindered 
considerably. 
 
5.4.6. Three-component EILs 
 
As has been seen above, combination of two predominantly hole-blocking 
materials, ZrO2 and Al2O3, appears to produce a more efficient device than a 
combination of one predominantly electron-transporting and one predominantly hole-
blocking material. Now, the use of two hole-blocking materials is considered on the 
performance of three-component EIL HyLEDs. Below operational characteristics of 
two-hole-blocking-layer devices are compared. Three cases are considered: no electron-
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transporting layer, TiO2 acting as an ETL and ZnO acting as an ETL. The thickness of 
the Al2O3 layer is 5 nm in Figure 77 and 10 nm in Figure 78. The overall thickness of 
compared EILs is the same for all devices in each figure. 
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Figure 77. a) Comparison of J-V (left ordinate, full symbols) and L-V (right ordinate, open 
symbols) curves in devices using three-component EILs (TiO2/ZrO2/Al2O3 (red, 
circles) and ZnO/ZrO2/Al2O3 (green, triangles)) with a HyLED using a two-
component EIL (ZrO2/Al2O3 (black, squares)); overall EIL thickness (25 nm) and 
Al2O3 layer thickness (5 nm) are the same in all devices; b) effL-L characteristics of 
the same devices as in a) 
 
Commenting on Figure 77, one can see that insertion of either TiO2 or ZnO layers 
between ITO and ZrO2 leads to a reduction in the luminance turn-on voltage and an 
increase in the maximum brightness. However, the maximum efficiency becomes lower, 
albeit with a very small change for the TiO2/ZrO2/Al2O3 HyLED.  
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Figure 78. a) Comparison of J-V (left ordinate, full symbols) and L-V (right ordinate, open 
symbols) curves in devices using three-component EILs (TiO2/ZrO2/Al2O3 (red, 
circles) and ZnO/ZrO2/Al2O3 (green, triangles)) with a HyLED using a two-
component EIL (ZrO2/Al2O3 (black, squares)); overall EIL thickness (25 nm) and 
Al2O3 layer thickness (10 nm) are the same in all devices; b) luminous efficacy-
luminance characteristics of the same devices as in a) 
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As the Al2O3 thickness increases to 10 nm (Figure 78), luminous efficacy in the 
TiO2-based device rises above that of the two-component HyLED. The maximum 
luminance values increase with Al2O3 thickness in all devices, and for the TiO2-based 
diode values exceeding 20000 cd m
-2
 are demonstrated. In both figures, three-
component devices using ZnO compare poorly to their titanium dioxide counterparts, 
due to the high current not supported by a correspondingly high luminance. 
 
EIL Maximum 
luminance,    
cd m
-2
  
(at voltage, V) 
Maximum 
current 
efficiency, 
cd A
-1 
Maximum 
luminous efficacy, 
lm W
-1
 (at 
luminance, cd m
-2
) 
Two-layer    
TiO2 (20 nm)/ 
Al2O3 (5 nm) 
12210 (13.2) 1.17 0.35 (895) 
ZnO (20 nm)/ 
Al2O3 (5 nm) 
2794 (12.8) 0.12 0.03 (2588) 
TiO2 (20 nm)/ 
ZrO2 (10 nm) 
4395 (9.8) 0.83 0.35 (879) 
ZrO2 (20 nm)/ 
Al2O3 (10 nm) 
7993 (17.0) 2.0 0.42 (329) 
Three-layer    
TiO2 (10 nm)/ 
ZrO2 (5 nm)/ 
Al2O3 (10 nm) 
20970 (16.0) 2.66 0.55 (1113) 
ZnO (10 nm)/ 
ZrO2 (10 nm)/ 
Al2O3 (5 nm) 
5551 (13.0) 0.83 0.33 (898) 
 
Table 8. Compilation of operational characteristics of HyLEDs employing different two- and 
three component metal-oxide EILs and an annealed film of Lumation Green as an 
emissive layer 
 
Table 8 demonstrates performance characteristics for devices using two- and 
three-component EILs studied in Section 5.4. Overall, although their efficiencies remain 
at a level close to that for the best single- and two-component HyLEDs employing 
Lumation Green, three-component EIL devices achieve higher values of luminance. 
This fact demonstrates the possibility of using multi-component EILs in the diodes, 
while the spray pyrolysis technique shows viability in producing high-quality multilayer 
structures suitable for device applications.  
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5.5. Conclusion 
 
In this Chapter the possibility of combining good electron transport with efficient 
hole-blocking ability in an electron-injecting layer comprising two or three components 
having specific functions has been investigated. Based on the comparison of 
performance of four different metal oxides – TiO2, ZnO, ZrO2 and Al2O3 – as EILs, it 
has been suggested that the former two oxides share the ability of good charge transport, 
while the latter two have a distinct hole-blocking character. Combination of the oxides 
with different characteristics helped improve the performance of corresponding single-
component HyLEDs, most dramatically in the TiO2/Al2O3 and ZnO/Al2O3 EILs. 
Insertion of the third metal oxide, ZrO2, into the TiO2/Al2O3 EIL structure resulted in 
the devices demonstrating maximum luminance values in excess of 20000 cd m
-2
, which 
is the highest reported so far for Lumation Green in the HyLED configuration. 
 
  
Chapter 6. AN ALTERNATIVE HOLE-INJECTING 
ELECTRODE FOR ALL-SOLUTION PROCESSED 
INVERTED HYBRID LIGHT-EMITTING DIODES 
 
In this Chapter, fabrication of a hole-injecting electrode alternative to 
MoO3/Au is focused upon, and the possibility of building an all-solution 
processed OLED based on the inverted HyLED architecture is considered. 
Firstly, based on a device using a ZrO2 EIL and an Au anode, performance 
of PEDOT:PSS as an HIL alternative to MoO3 is investigated. Secondly, the 
use of a transparent transfer-printed vapour phase polymerised PEDOT 
(VPP-PEDOT) electrode as a substitute to Au is considered. Lastly, the 
fabrication of all-solution processed red-, green- and blue light-emitting 
inverted hybrid devices is demonstrated, using a PEDOT:PSS/VPP-PEDOT 
hole-injecting electrode. 
 
6.1. Introduction 
 
The field of plastic electronics has recently attracted strong attention from 
researchers and industries, due to the prospect of manufacturing electronic devices at 
large scale and low cost by layer-by-layer deposition from solution using such 
techniques as roll-to-roll processing [209]. Thin films of conjugated polymers may be 
viewed as the main contenders to be employed in active layers of such devices, as it has 
been shown that they can be deposited via a wide range of solution-processing methods, 
including spin- and drop-casting, spreading and printing. The biggest challenge remains 
in deposition of the top electrode, which is routinely performed by thermal evaporation 
in vacuum. This is also important in the context of the inverted hybrid LEDs in which 
so far optimization of the bottom, electron-injecting electrode has been the focus of 
research interest, while relatively little attention has been devoted to the top, hole-
injecting side.  
In the past, a limited number of roll-to-roll compatible approaches to formation of 
both OLED electrodes have been proposed. As an example, lamination of independently 
fabricated substrate electrodes coated by organic layers has been suggested [210, 211]. 
Alternatively, an inverted device using a graphene cathode deposited from a water 
suspension has been reported by Matyba et al. [212]. The inverted architecture of the 
diode in this case allows the use of a spread-deposited PEDOT:PSS hole-injecting layer 
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(HIL), rather than searching for a solution-processable electron-injecting alternative to 
Ca, Ba or Mg, as the conventional OLED structure would require.  
Likewise, as was described in the previous Chapters, the HyLED architecture uses 
an electron-injecting layer (EIL) deposited onto a bottom electrode from solution, and 
might therefore be suited for fabrication of all-solution processed OLEDs upon 
replacing of vacuum-evaporated layers of MoO3 and Au with a solution-processed hole-
injecting electrode. In order to achieve this, the search for viable alternatives for both 
MoO3, as a HIL, and Au, as an anode, must be conducted. In the past, a number of 
different solution-processed materials were reported as HILs in organic electronic 
devices. Some of the first to be employed to produce efficient OLEDs were thin spin-
cast layers of polyaniline (PAni) [213]. Polyethylenedioxythiophene doped with 
polystyrenesulfonic acid (PEDOT:PSS) is another HIL alternative which was used in 
early work [214, 215]. Deposition of high-work function hole-injection films of MoS2 
via intercalation and exfoliation was demonstrated by Reynolds et al. [132]. Finally, 
doped poly(vinylcarbazole) (PVK) and poly(arylamine) polymer layers were reported 
recently [216-218]. Among these examples, PEDOT:PSS has been highly successful, 
with the large number of OLEDs described in literature employing this material in their 
structure. 
In terms of replacing Au in the HyLED architecture, possible alternatives include 
electrodes made of polyaniline, carbon nanotubes and metal nanowires (e.g. Ag), as has 
already been mentioned in Section 1.4.3 [107, 219, 220]. These high-work function 
materials are suited to provide good hole-injection if employed in OLEDs or hole 
extraction if used for organic photovoltaic applications. Another possibility is a vapour 
phase polymerized modification of PEDOT (VPP-PEDOT) which known to exhibit 
high conductivities, up to 10
3
 S cm
-1
 [105]. The relatively high work-function of this 
material of ~4.6 eV makes it suitable for use as an anode in HyLEDs, while its optical 
transparency offers an extra advantage as it may lead to fully-transparent light-emitting 
displays [221]. Deposition of this layer on glass is typically conducted by spin-casting 
an oxidant onto a substrate and then exposing it to an EDOT monomer in a vapour 
form. This process however is not ideal for deposition on an active polymer layer when 
VPP-PEDOT replaces a top electrode, as an ionic nature of the oxidant may damage the 
polymer. A transfer printing technique may offer a solution, as the VPP-PEDOT film 
may be produced separately and then be transferred onto an emissive layer [222].  
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Considering the above-said, one can identify solution-processed layers of 
PEDOT:PSS and VPP-PEDOT as potential substitutes in HyLED devices for MoO3 and 
Au, respectively. In the following studies, a comparison of the performance of 
PEDOT:PSS and VPP-PEDOT with their conventionally used counterparts is reported.  
 
6.2. Experimental details 
 
Fabrication of inverted HyLEDs reported herein until the step of HIL deposition 
was conducted in all devices according to the procedure described previously (Chapter 
3). The thickness of the ZrO2 EIL reported here is 30 nm. In the devices employing 
PEDOT:PSS, the HIL was deposited by spin-casting on top of a LEP layer. The spin-
casting process consisted of two steps: dispensing of the PEDOT:PSS solution while a 
substrate is spinning at a moderate speed (500 rpm) and formation of a thin film by 
accelerating the speed up to 4000 rpm.  
Production and deposition of VPP-PEDOT was conducted as described in the 
following. First, a solution of Fe(III) p-toluenesulfonate hexahydrate (Fe(OTs)3) and 
pyridine in propan-2-ol (IPA) (VWR, HiPerSolv for HPLC) is prepared in a 125:25:1 
weight ratio. This is followed by spin-casting of this solution on a polydimethylsiloxane 
(PDMS) stamp with formation of an oxidant film. The stamp is then exposed to a 
vapour of 3,4-ethylenedioxythiophene (EDOT) monomer (≥ 99.9% purity, Sigma-
Aldrich) in a vacuum chamber (10 mbar, ~20°C), where reaction of EDOT with the 
oxidant film results in polymerization of EDOT and formation of a VPP-PEDOT layer. 
Immersion of the VPP-PEDOT-coated PDMS stamp into a methanol/ethanol mixture 
and rinsing (×3) removes the remaining oxidant. Then the PDMS stamp is brought into 
conformal contact with a receiving surface (a light-emitting polymer layer). After the 
contact, the stamp is peeled off, to leave the VPP-PEDOT film on the receiving 
substrate. The transfer-printing deposition is finalized by drying of the VPP-PEDOT 
film on the LEP in a nitrogen flow. Multiple layers of VPP-PEDOT are produced by 
repeating of the transfer-printing process. The transfer printing process may involve 
thermal heating or use of a small volume (less than ~5 µL) of a solvent, such as ethanol 
or water, to produce the conformal contact and promote the process of transferring of 
VPP-PEDOT onto an active layer. The main requirement for selection of the solvent is 
to avoid dissolving an underlying organic electroluminescent film.  
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Deposition of the VPP-PEDOT films on top of an active polymer layer for the 
devices studied herein was performed by Xiangjun Wang, Department of Physics, 
Imperial College London. 
 
6.3. The use of PEDOT:PSS as a HIL in a HyLED 
 
First, the performance of PEDOT:PSS as a HIL in the inverted HyLED 
architecture is examined. For this, four types of devices using different HILs were 
fabricated (Figure 79): 
1) ITO/ZrO2/Lumation Green/Au (Device 1), 
2) ITO/ZrO2/Lumation Green/MoO3/Au (Device 2),  
3) ITO/ZrO2/Lumation Green/PEDOT:PSS/Au (Device 3), 
4) ITO/ZrO2/Lumation Green/PEDOT:PSS/MoO3/Au (Device 4). 
Device 1 does not employ a HIL, Device 2 represents a standard HyLED using 
MoO3, in Device 3 the molybdenum trioxide layer is replaced with a spin-cast film of 
PEDOT:PSS, and Device 4 comprises both MoO3 and PEDOT:PSS as a two-component 
HIL. The electron-injecting side is the same in all the diodes.  
 
 
Figure 79. Energy band diagrams of HyLEDs with no hole-injection layer (Device 1), and 
PEDOT:PSS (Device 2), MoO3 (Device 3) and PEDOT:PSS/MoO3 (Device 4) used 
as hole-injection layers 
 
Figure 80 demonstrates operational characteristics of the HyLEDs studied here, 
and Table 9 lists the major performance data for the devices. The highest current 
densities are demonstrated by Devices 2 and 3, which employ a single-component HIL, 
while in Device 1 not comprising a HIL the current is the lowest among all the diodes. 
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Device 3 shows a slightly higher current density than Device 2 in the region between 1 
and 4 V. At higher applied biases the current density-voltage curves overlap. Luminance 
turn-on voltage is the lowest in the MoO3-based diode, followed by Device 3, Device 4 
and Device 1. The best luminance and efficiency are again observed in Device 2, 
followed by Device 4, Device 3 and then Device 1. Luminance turn-on current density, 
being an indication of the electron-hole balance in the active layer at the onset of 
emission, has the largest value for the diode without a HIL, and the lowest value – for 
the HyLED using two HILs.  
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Figure 80. a) J-V (left ordinate, full symbols) and L-V (right ordinate, open symbols) 
characteristics of devices with the same LEP (Lumation Green) and different hole 
injecting layers: no HIL (black, squares), MoO3 (red, circles), PEDOT:PSS 
(green,triangles), PEDOT:PSS/MoO3 (blue, stars); b), c) and d), respectively, effJ-J, 
effL-L and L-J characteristics of the same devices as in a)  
 
According to the energy band diagrams of the diodes under study (Figure 79), the 
largest barrier for hole injection into the active layer, nominally equal to 0.3 eV, is 
present in the diode not having a HIL. In the devices comprising the PEDOT:PSS HIL 
this barrier reduces to 0.2 eV, and in the MoO3-based Device 3 it is virtually absent. 
This may explain why Device 1 demonstrates the lower – and Devices 2 and 3 the 
higher – values of current density (Figure 80-a). Poor hole-injection in the former 
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device may also be the reason of it having the highest luminance turn-on voltage. 
Additionally, the highest luminance turn-on current density in Device 1 might indicate 
the poor electron-hole balance in the active layer at the onset of luminance. 
 
Hole injection layer Maximum 
luminance, 
cd m
-2 
Luminance 
turn-on 
voltage,  
V
 
Luminance 
turn-on current 
density,  
mA cm
-2 
Maximum 
current 
efficiency,  
cd A
-1 
Maximum 
luminous 
efficacy,  
lm W
-1
 
No HIL 75 11.4 2
 
0.1 0.02 
MoO3 4500 4.4 0.1 1.7 0.7 
PEDOT:PSS 1800 4.8 0.7 0.5 0.2 
PEDOT:PSS/MoO3 3000 5.2 0.07 1.3 0.5 
 
Table 9. Summary of characteristic values representing performance of HyLEDs using Au as 
an anode with different HILs  
 
Comparison between Devices 1 and 3 demonstrates that the use of the solution-
processed HIL helps improve the diode performance: current efficiency increases by a 
factor of 5, while maximum luminance and luminous efficacy rise by more than an 
order of magnitude. The improvement however is not as significant as when the 
vacuum-evaporated MoO3 HIL is employed. Device 2 appears to produce 2.5 times 
higher maximum brightness and 3.5 times higher efficiency than Device 3. The 
difference in the roles of MoO3 and PEDOT:PSS may become somewhat clearer when 
considering Device 4, comprising the two-component PEDOT:PSS/MoO3 HIL. Relative 
to Device 2, insertion of the metal oxide HIL layer in this HyLED leads to the reduction 
in overall current and luminance turn-on current density, along with the rise in the 
device efficiency and luminance turn-on voltage. These could be attributed, on the one 
hand, to an enhancement in series resistance in Device 4, and on the other hand, to an 
improvement in the electron-blocking ability of the HIL. Taking these points into 
account, one may argue that PEDOT:PSS could be not as efficient in blocking electrons 
as MoO3, while providing similar hole injection, as suggested by comparison of the 
current density-voltage curves in Device 2 and 3. Similarly, an enhancement in 
efficiency of an OLED comprising a PEDOT:PSS HIL has previously been observed 
upon insertion of an electron-blocking layer by Lee et al. [223]. Insufficient electron-
blocking by a HIL was identified as a potential problem in the HyLED architecture by 
Kabra et al., who demonstrated the use of hole-transporting polymer poly(2,7-(9,9-di-n-
octylfluorene)-alt-(1,4-phenylene((4-sec-butylphenyl) imino)-1,4-phenylene)) (TFB) as 
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a possible electron- and exciton-blocking layer to obtain an improvement in the device 
efficiency [149].  
As one can see, HyLEDs using vacuum-evaporated MoO3 and spin-coated 
PEDOT:PSS HILs, utilized either separately or in a combination, show a significant 
enhancement in performance over the device without a HIL. As such, it is demonstrated 
that a HIL of PEDOT:PSS can be employed as part of an all-solution processed HyLED 
to replace conventionally used molybdenum trioxide. 
 
6.4. The use of VPP-PEDOT as an anode in a HyLED 
 
According to the results of the previous section, performance of a HyLED 
depends strongly on the presence of a HIL. It has been shown that either MoO3 or 
PEDOT:PSS can be used for this purpose. It has also been demonstrated that the latter 
material is able to replace conventional MoO3 without dramatic loss of performance in 
order to be employed in fabrication of vacuum-evaporation-free devices. In this section, 
the possibility of substitution of the Au anode with a transparent conducting layer of 
VPP-PEDOT is considered. 
 
 
Figure 81. Energy band diagrams of HyLEDs with Au (Device 1) and VPP-PEDOT anodes 
(Device 2), and for the device using a transparent PEDOT:PSS/VPP-PEDOT hole-
injecting electrode (Device 3) 
 
To investigate the performance of VPP-PEDOT as an anode, the following 
HyLEDs were fabricated (Figure 81): 
1) ITO/ZrO2/Lumation Green/Au (Device 1), 
2) ITO/ZrO2/ Lumation Green /VPP-PEDOT (Device 2), 
3) ITO/ZrO2/ Lumation Green /PEDOT:PSS/VPP-PEDOT (Device 3). 
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Device 1 here is used as a reference for direct comparison between the Au and 
VPP-PEDOT anodes. Figure 82 compares the operational characteristics of the devices 
under study, while Table 10 summarizes their performance characteristics. Although 
devices employing VPP-PEDOT emit in both directions – towards the ITO cathode and 
the VPP-PEDOT anode – emission was measured from the ITO side for the sake of 
consistency with the previous results. 
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Figure 82. a) J-V (left ordinate, full symbols) and L-V (right ordinate, open symbols) 
characteristics of HyLEDs using different hole injecting electrodes: Au (black, 
squares), VPP-PEDOT (red, circles) and PEDOT:PSS/VPP-PEDOT (green, 
triangles); b), c) and d), respectively, effJ-J, effL-L and L-J characteristics of the 
same devices as in a) 
 
Hole injection 
layer 
Maximum 
luminance, 
cd m
-2 
Luminance 
turn-on 
voltage,  
V
 
Luminance turn-
on current 
density,  
mA cm
-2 
Maximum 
current 
efficiency,  
cd A
-1 
Maximum 
luminous 
efficacy,  
lm W
-1
 
Au (Device 1) 75 11.4 1
 
0.1 0.02 
VPP-PEDOT 
(Device 2) 
21 13.2 1 0.03 0.004 
PEDOT:PSS/VPP-
PEDOT (Device 3) 
1050 10.6 0.08 0.3 0.06 
 
Table 10. Summary of characteristic values representing performance of HyLEDs using 
different hole-injecting electrodes: Au, VPP-PEDOT and PEDOT:PSS/VPP-PEDOT 
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Replacement of the Au to the VPP-PEDOT electrode leads to notable variations in 
the HyLED operation. Above all, current density in Device 2 reduces, and the 
luminance turns-on at a higher voltage of 13.2 V, compared to 11.4 V for the Au-anode 
device. The decrease in current and corresponding rise in the luminance turn-on voltage 
upon substitution of Au with VPP-PEDOT might be due to both higher sheet resistance, 
as will be discussed further, and higher hole-injection barrier of the VPP-PEDOT 
relative to Au. Thus, according to Figure 81, the nominal value of the hole-injection 
barrier jumps from 0.4 eV to 1.1 eV. The maximum brightness and current efficiency 
values in Device 2 are reduced compared to Device 1 from 75 to 21 cd m
-2
 and from 0.1 
to 0.03 cd A
-1
, respectively. The onset of emission occurs at the same current density in 
both devices (~1 mA cm
-2
), but the gradient of the luminance versus current density 
curve at the onset of emission is higher in Device 1. Insertion of PEDOT:PSS between 
the active layer and VPP-PEDOT in Device 3 helps increase the current significantly. 
At the same time, both luminance turn-on voltage and luminance turn-on current density 
decrease to 10.6 V and 0.08 mA cm
-2
, respectively. Coupled with the considerable rise 
in luminance (up to 1050 cd m
-2
), this leads to an order of magnitude increase in current 
efficiency (up to 0.3 cd m
-2
) and 15 times increase in luminous efficacy (up to 0.06 lm 
W
-1
 from 0.004 lm W
-1
), relative to Device 2.  
According to the presented results, the diodes using the VPP-PEDOT transfer-
printed anode emit between 10 V and 20 V, and are able to sustain high currents 
reaching 800 mA cm
-2
 in Device 3. The quoted voltages exceed the operating range of 
the devices studied in the previous section which use a combination of a hole-injecting 
material and Au as an anode. This is expected due to the significantly lower 
conductivity of VPP-PEDOT compared to Au. Conductivity of the transfer-printed 
VPP-PEDOT anode used in Devices 2 and 3 is approximately 600 S cm
-1
 [222], the 
corresponding value for Au is 4.5×10
5
 S cm
-1
.  
Upon insertion of the layer of PEDOT:PSS, current density in the device using 
VPP-PEDOT grows above that of Device 1 with the Au electrode. This implies that 
anode conductivity is not primarily responsible for injection of carriers. Another 
important factor is the size of the injection barrier for holes which each of the anodes 
provides. Compared to Device 1, the barrier for injection into the active layer in Device 
3 is reduced by 0.1 eV, while this difference amounts to 0.6 eV when Device 3 is 
compared to Device 2. Corresponding increase in luminance and efficiency upon 
reduction in the hole-injection barrier suggests that the latter parameter has very high 
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importance. As such, this increase may be obtained upon insertion of PEDOT:PSS into 
the HyLED architecture. In conventional OLEDs PEDOT:PSS is also known to create a 
good HTL between ITO and an active polymer improving device luminance and 
efficiency [214].  
Overall, a hybrid light-emitting diode using PEDOT:PSS as an HIL and VPP-
PEDOT as an anode demonstrates promising performance. Although VPP-PEDOT 
itself is inferior to Au as an anode in terms of conductivity and work-function, 
combination of PEDOT:PSS with VPP-PEDOT changes the picture dramatically. The 
HyLED using the latter hole-injecting combination demonstrates 3 times higher 
efficiency and fourteen times higher luminance than the device using an Au anode. The 
data also suggests that VPP-PEDOT is able to sustain high applied biases and currents. 
Thus, the results presented herein demonstrate fabrication of an all-solution processed 
bright green-light-emitting HyLED using a PEDOT:PSS/VPP-PEDOT hole-injecting 
electrode along with the spray-pyrolysis-deposited EIL of ZrO2 and the spin-cast active 
layer of Lumation Green. 
 
6.5. Fabrication of red, green and blue all-solution processed HyLEDs 
 
In the previous sections, viability of utilizing PEDOT:PSS as an HIL and VPP-
PEDOT as an anode in an all-solution processed inverted HyLED architecture using 
green-light emitting Lumation Green as an active layer was observed. Here, the 
possibility of extending the range of emissive layers (and available emission colours) 
used in this device architecture is explored now. Red and blue-emitting polyfluorene 
derivatives Red F and Lumation Blue, respectively, have previously shown good 
performance in the HyLEDs using the MoO3/Au combination for hole injection (Section 
4.3). As such, vacuum-free fully-transparent devices with the following structures have 
been fabricated (Figure 83):  
- ITO/ZrO2/Red F/PEDOT:PSS/VPP,  
- ITO/ZrO2/Lumation Green/PEDOT:PSS/VPP,  
- ITO/ZrO2/Lumation Blue/PEDOT:PSS/VPP. 
L-V characteristics of the HyLEDs (Figure 84-a)) demonstrate brightness levels of 
the order of 100-1000 cd m
-2
, depending on the emissive layer, with the device using 
Lumation Green producing the highest value of 1050 cd m
-2
, the Lumation Blue-based 
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HyLED reaching 370 cd m
-2
, and the diode comprising Red F as an emissive layer 
showing the maximum luminance of 230 cd m
-2
. Current density levels in the devices 
increase as the nominal active layer band-gap decreases (Figure 84-a) and Figure 83), 
which may be attributed to the dependence of current upon the charge-injection barriers. 
Luminance turn-on voltages in the HyLEDs also demonstrate the dependence on the 
LEP used, with a larger polymer band-gap resulting in an increase in the luminance 
turn-on voltage: the corresponding value of 7.0 V for Red F rises to 10.6 V for 
Lumation Green, and then up to 11.0 V for Lumation Blue. The maximum current 
efficiency values registered for Lumation Green, Lumation Blue and Red F are, 
respectively, 0.3, 0.15 and 0.05 cd A
-1
. Luminous efficacies reach 0.01, 0.06 and 0.03 
lm W
-1
, respectively.  
 
 
Figure 83. Energy band diagrams of HyLEDs using a PEDOT:PSS hole-injecting layer and 
VPP-PEDOT as an anode, and comprising red, green and blue light-emitting 
polymers: Red F, Lumation Green and Lumation Blue 
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Figure 84. a) L-V (left ordinate, open symbols) and J-V (right ordinate, full symbols) 
characteristics of all-solution processed HyLEDs using VPP-PEDOT as an anode 
and Lumation Blue (blue), Lumation Green (green) and Dow Red F (red) as an 
active layer; b) effJ-J (left ordinate, full symbols) and effL-J (right ordinate, open 
symbols) curves for the same devices 
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Figure 85. a) EL spectra of all-solution processed HyLEDs using VPP-PEDOT as an anode and 
Lumation Blue (blue), Lumation Green (green) and Dow Red F (red) as an active 
layer; b) photographic images of light emission from the same devices as in a) 
(courtesy of Xiangjun Wang) 
 
In Figure 85 electroluminescence spectra of the HyLEDs under study are given 
along with photographic images of the devices in operation. Emission from the devices 
is uniform demonstrating good quality of the transfer-printed electrode. The summary 
of performance characteristics of the all-solution processed RGB HyLEDs is given in 
Table 11.  
 
Hole injection layer Maximum 
luminance, 
cd m
-2 
Luminance 
turn-on 
voltage,  
V
 
Maximum 
current 
efficiency,  
cd A
-1 
Maximum 
luminous 
efficacy,  
lm W
-1
 
Wavelength 
of EL 
maximum,  
nm
 
Red F 230 7.0 0.05 0.01 662
 
Lumation Green 370 10.6 0.3 0.06 537 
Lumation Blue 1050 11 0.15 0.03 465 
 
Table 11. Summary of operational characteristics of all-solution processed HyLEDs using 
VPP-PEDOT as an anode and Lumation Blue (blue), Lumation Green (green) and 
Dow Red F (red) as an active layer 
 
To summarize, red-, green- and blue-light-emitting hybrid LEDs fabricated fully 
in air have been demonstrated. The devices show very promising brightness and 
efficiency values according to the preliminary results. Future work on optimization of 
the emissive layer and the transfer-printed electrode deposition technique is expected to 
lead to further improvement in performance.  
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6.6. Conclusion 
 
In conclusion, in this Chapter fabrication of an all-solution processed OLED 
based upon the inverted HyLED architecture is demonstrated. In order to achieve this, 
substitution of MoO3 and Au with alternative hole-injecting and anodic materials is 
targeted. Comparison of MoO3 and PEDOT:PSS HILs in the HyLED architecture 
shows that the organic layer can be a viable candidate to be employed as a substitute to 
the metal oxide as part of the all-solution processed inverted hybrid light-emitting 
diode. PEDOT:PSS demonstrates efficient hole injection into the active layer, although 
its ability to confine electrons seems to be inferior to MoO3. The main advantage of 
PEDOT:PSS over its counterpart is facile deposition performed in atmospheric 
conditions rather than via evaporation in vacuum. In order to replace the Au anode in 
the HyLED architecture, transfer-printed layer of VPP-PEDOT has been employed. 
Resulting devices demonstrate promising performance characteristics, while possessing 
an extra advantage of being able to emit light in two directions. Finally, red-, green- and 
blue-light emitting devices are fabricated using the all-solution processed HyLED 
architecture. Overall, by combining various techniques compatible with thin-film 
deposition in atmospheric conditions, such as spray pyrolysis, spin-casting and transfer-
printing, it is possible to produce fully-transparent and bright multi-colour LEDs. 
However, relatively low efficiencies suggest that further improvement of the operational 
characteristics is still required for these devices to compete on the market. 
  
Chapter 7. PRELIMINARY STUDIES OF STABILITY OF 
HYBRID METAL-OXIDE/POLYMER LIGHT-EMITTING 
DIODES 
 
In this Chapter, investigation of stability of inverted hybrid light-
emitting diodes in terms of storage and operation in air is reported. Firstly, 
stability of HyLEDs employing pristine and annealed LEP layers is 
compared to that of a conventional OLED using a LiF/Al cathode, and 
possible factors which may be responsible for the HyLED degradation are 
considered. Secondly, modification of device operational stability is 
examined upon storage at atmospheric conditions. Results presented herein 
demonstrate that the HyLED architecture may offer a possibility of 
fabricating encapsulation-free devices with improved operational and shelf-
life stability. 
 
7.1. Introduction 
 
Device stability is one of the major problems in the field of organic light-emitting 
diodes. Two characteristic processes must be considered when assessing stability of an 
OLED: 1) device degradation upon operation at forward bias and 2) shelf-life stability 
of the device upon its storage in air. Naturally, these parameters may vary depending on 
a number of factors: materials used for device components, atmospheric conditions 
(humidity, ambient temperature, etc.), operating voltages and currents running through 
the diodes, etc. Reduction in OLED efficiency during operation may occur via 
deterioration of electroluminescent properties of an emitting material and/or through 
degradation of charge injection and transport. 
The resistance of organic semiconductor materials and electrodes to ambient 
conditions is a major concern in terms of device stability. The choice of electrodes, 
specifically the cathode, is very important for a reliable OLED performance. To achieve 
efficient electron injection, low-work-function materials such as Ca, Ba and Mg, are 
required. These metals, however, undergo rapid degradation in air, thus requiring 
fabrication and operation in an inert atmosphere or with high-quality sealing. A popular 
replacement to these metals is a combination of a few-nanometre-thick layer of LiF 
capped by Al [131, 224]. One of the explanations of the enhancement in OLED 
performance upon the use of LiF is that it induces the band-bending inside an organic 
material, thus lowering the electron-injection barrier height, as compared to a solitary Al 
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electrode. Another possibility is that the presence of LiF, an insulator with the band gap 
of ~12 eV, allows for a large voltage drop between the electrode and the organic layer, 
which aligns the Fermi level of Al with the LUMO of the organic film [225]. This 
ensures efficient electron tunnelling through LiF. A list of other possible explanations 
can be found in the works of Brown et al. and Shaheen et al. [224, 226]. Other interlayer 
materials, such as MgO, CsF, Cs2CO3, CsCl, etc., have also been used successfully 
between a cathode and an organic emissive layer [131, 227]. Reduction of the 
PEDOT:PSS hole-transporting layer is considered one of the intrinsic degradation 
factors independent of OLED operation conditions [228, 229]. Research on substitution 
of PEDOT:PSS as the hole-injection material of choice is ongoing. Several candidates 
have been proposed with transition metal oxides, such as V2O5, ZnO or MoO3 among 
others [227, 230, 231]. One of the most commonly observed signs of the device 
degradation is formation of “black spots”, circular non-emissive regions, growing in 
size during operation [232]. It has been proposed that their appearance is related to 
penetration of water and oxygen through pinholes in an electrode, followed by their 
reaction with metal at the metal-polymer interface.  
Stability of HyLED devices has not been studied directly so far. One of the rare 
works on investigation of stability in devices using metal-oxide charge-transport layers 
was performed by Lee et al. [233]. The authors examined operational stability of a 
PLED produced by spin-coating a layer of titanium sub-oxide (TiOx) on top of a 
polymer emitter to act as both an electron-transporting (ET) and a sealing layer. By 
comparing the device performance with that of a conventional OLED it was observed 
that the use of the metal-oxide layer improved the device shelf-life stability 
significantly. However operational stability of the device upon continuous operation in 
air was not measured in this work. It has previously been argued that the architecture of 
an inverted hybrid inorganic/organic LED may offer greater atmospheric stability to a 
conventional OLED, using a PEDOT:PSS HIL and a Ca or Ba electrode [134, 135]. 
Indeed, comparison of atmospheric stabilities of charge-injecting and charge-
transporting components may suggest that a typical HyLED is likely to be composed of 
less degradable materials than an OLED. For example, PEDOT de-doping upon 
exposure to air is considered to be one of the reasons for the growth of “black spots” 
and concomitant reduction in luminance output in OLEDs [234]. MoO3, being an oxide 
already, may not have a similar issue. Also, the use of Ca or Ba is not compatible with 
operation in unprotected operation in air, therefore a more stable substitute 
CHAPTER 7 PRELIMINARY STUDIES OF STABILITY OF HYLEDS 
169 
configuration of LiF/Al can be employed with the conventional OLED architecture. A 
combination of two oxide materials, ITO and ZrO2, acts as an alternative to LiF/Al for 
electron injection in a HyLED. 
Thermal and electric stabilities of zirconium dioxide and indium tin oxide deserve 
attention in the context of the current thesis. ZrO2 is a material which is known to have 
several structural modifications at various temperatures. As such, at temperatures up to 
about 950°C it is known to be stable in the monoclinic configuration, converting to 
tetragonal and then cubic structures at higher temperatures. Ortiz et al. reported spray 
pyrolysis deposition of thin zirconia films possessing the cubic structure at temperatures 
above 425°C [195]. Annealing of the films at 900°C resulted in their transformation to 
the monoclinic configuration. The influence of applied electric field on the stability thin 
zirconia films was studied by Cheng and Zhao [235]. The authors reported that the 
samples initially having the tetragonal structure underwent transformation into the 
monoclinic form under electric fields as low as 1 kV mm
-1
.  
Degradation of ITO upon operation at high drive conditions both in ultra high 
vacuum and in air has been reported previously [236-238]. Gardonio et al. reported 
local decomposition of ITO which was accompanied by a release of volatile In products 
[236]. Delamination of ITO in OLEDs and other microelectronic devices has also been 
observed [237, 238]. 
The examples described above suggest that stability of the ITO/ZrO2 electron-
injecting electrode may be influenced by external conditions. The aim of the current 
Chapter is to examine operational stability of a HyLED employing ZrO2 as an EIL and 
consider modification of the device stability upon its storage in air. 
 
7.2. Experimental details 
 
Fabrication of HyLEDs studied herein was performed according to the procedure 
reported in Chapter 4. Conventional OLEDs were fabricated as follows. After the 
standard cleaning procedure, PEDOT:PSS was spin-cast on ITO as described in Chapter 
3 and annealed at 200°C for 20 min in nitrogen atmosphere. An active polymer layer 
was then deposited via spin-casting on top of PEDOT:PSS from a 10 g L
-1
 solution in 
chlorobenzene. Finally, the devices were transferred to an evaporation chamber for 
deposition of 0.5 nm of LiF, followed by 100 nm of Al for a cathode. Both in the 
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HyLEDs and in the conventional OLEDs, Lumation Green was utilized as an 
electroluminescent material. The procedure used for deposition of the ZrO2 EIL in the 
HyLEDs corresponds to formation of tetragonal nanocrystallites imbedded into an 
amorphous matrix [154]. 
Three types of non-encapsulated devices were examined in the study: 
1) Device I: ITO/ZrO2/Lumation Green (pristine)/MoO3/Au; 
2) Device II: ITO/ZrO2/Lumation Green (annealed)/MoO3/Au; 
3) Device III: ITO/PEDOT:PSS/Lumation Green (pristine)/LiF/Al. 
Current-voltage-luminance (J-V-L) characterization of the devices was performed 
in air as described in Chapter 3. In the studies of HyLED stability, measurements were 
performed by driving constant current across a diode and simultaneously monitoring the 
evolution of its luminance and voltage with time. Control of the applied current and 
recording of the acquired data were realized with the help of a computer-controlled 
LabVIEW environment, described in Chapter 3. For optical microscopy of degraded 
ITO/ZrO2 electrodes, tested devices were ultrasonically cleaned in chloroform to 
remove the top electrode and the polymer layer. The images were obtained using a 100× 
microscope resolution. 
 
7.3. Operational stability of the HyLED architecture 
 
In the first study, operational stability of freshly prepared HyLEDs is examined. 
Taking into account the influence of polymer annealing in HyLEDs (Chapter 5), 
stabilities of the devices using both pristine and annealed LEP layers are considered 
(Devices I and II, respectively). For reference, stability of a diode with a conventional 
OLED architecture using the same active layer and a LiF/Al cathode is examined 
(Device III).  
Figure 86-a) compares operating stabilities of these devices, while Figure 86-b) 
presents their current-voltage-luminance characteristics. Initial (or maximum) 
luminance in these devices is approximately equal to 100 cd m
-2
. In order to match this 
luminance, current density was set at 4.6 mA cm
-2
 for Device III, and 10.4 mA cm
-2
 for 
Device II, and 31.5 mA cm
-2
 for Device I. One can see that both HyLED devices 
demonstrate higher lifetimes than the conventional OLED. Within the limits of the 
experiment, Device II demonstrates luminance levels higher than 50% of the initial 
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luminance, and Device I approaches the lifetime of 10000 s. By contrast, the lifetime of 
the conventional diode is 5000 s. Differences are also observed in the evolution of 
normalized voltage with time of operation. For example, in Device I the voltage initially 
reduces, then rises and remains stable between 2000 and 7000 s, and finally reduces 
again as the luminance drops down. In the HyLED using the annealed LEP layer, the 
voltage reduces monotonously during the whole period of the device operation. In 
Device III, the initial drop in voltage is replaced by a gradual increase after 
approximately 2000 s.  
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Figure 86. a) Comparison of operational stabilities of a pristine HyLED (black), an annealed 
HyLED (red) and a conventional OLED (green) with initial luminance 
approximately equal to 100 cd m
-2
 at a constant current density of 31.5 mA cm
-2
, 
10.4 mA cm
-2
, and 4.6 mA cm
-2
, respectively. Top, left ordinate, solid lines – time 
evolution of normalized electroluminescence; bottom, left ordinate, dotted lines – 
time evolution of driving voltage corresponding to the changes in 
electroluminescence; b) J-V (right ordinate, full symbols) and L-V (left ordinate, 
open symbols) characteristics of a HyLED using a pristine polymer layer (black), 
HyLED using an annealed polymer layer (red) and a conventional OLED using a 
pristine polymer layer (green) 
 
Although a detailed interrogation of the shape of the luminance versus operating 
time curves for Devices I, II and III is beyond the scope of the current study, it is 
possible to offer a preliminary explanation for such shape. Thus, considering the curve 
corresponding to Device I and following the classification of stages of device 
degradation by Parker et al., the initial rapid decay in luminance can be suggested to 
occur due to crystallization of the polymer emissive layer either when heated above the 
liquid crystalline phase or upon relaxation of a metastable phase of a pristine polymer 
film into a more crystalline configuration [239]. Following this initial decay, luminance 
may increase which may be attributed to either an improvement in charge balance or 
more efficient light outcoupling in the rearranged polymer film. The ultimate decline of 
luminance culminates the device lifetime and is thought to be caused by electrons filling 
traps generated upon polymer photooxidation which eventually leads to device 
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degradation. This classification suggests that the duration of the first stage depends on 
the rate of device heating upon operation. The heating rate in turn relates to power 
dissipation in the devices defined as the product of the driving current and the driving 
voltage, I×V. According to Figure 86-b), the power dissipated per unit area during the 
operation of Device I is over 3 times higher than that in Device II and 15 times higher 
than that in Device III. Operation-induced heating in organic LEDs was studied by 
Boroumand et al., and it was suggested the following expression can be employed to 
assess the rise in temperature upon dissipation of the Joule heat is such devices [240]: 
IVZT T , (17) 
where ZT is the thermal impedance of linear stripe OLEDs determined as [241]  
l
wh
ZT

)/4ln(
 . (18) 
In Expression 18, h is the substrate thickness (1 mm, in the case of the devices studied 
herein), l (1 mm) and w (1.6 mm) are the length and width of the heat source, 
respectively, and ξ is the thermal conductivity of the substrate (expected to be around 1 
W m
-1
 K
-1
 [240]). Using these values, it is possible to estimate the rises in temperature 
upon operation of the devices with the help of Expression 17: ∆T = 2 K for Device I, 
0.6 K for Device II and 0.1 K for Device III. Although these figures do not expect to 
accurately reflect the actual temperature rises in the diodes, they hopefully identify the 
issue of operation-induced heating in the HyLEDs, which is especially serious in the 
device using the pristine EML. 
It has been shown previously that in the conventional OLED architecture the 
driving voltage tends to increase with time of operation [16]. The initial decrease of the 
driving voltage upon operation at constant current has also been reported in the past and 
is referred to as the “forming” period [242]. As such, monotonically decreasing voltage 
in Device II may be due to a long duration of “forming” in this device. Since analogous 
reduction in driving voltage is not observed in Device I using pristine Lumation Green, 
the long “forming” period in the HyLED employing the annealed LEP layer may be 
caused by the active layer morphology in the diodes, which appears more resistant in 
Device II at the given initial luminance. Alternatively, continuously decreasing driving 
voltage in Device II may be attributed to charge trapping at interfaces between the 
layers. Thus, accumulation of holes and electrons at opposite sides of the ZrO2 EIL may 
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induce an internal field across the metal oxide, thereby reducing the Fowler-Nordheim 
barrier and improving electron injection.  
It has already been noted that the two HyLEDs studied herein (Devices I and II) 
demonstrate longer lifetimes upon operation than the device using the conventional 
architecture. Since Devices I and III employ the same emissive layer, pristine Lumation 
Green, improved stability in the former diode must be due to the architecture and 
charge-injecting materials employed. With this in mind, examination of stability of the 
ITO/ZrO2 electron-injecting electrode is conducted with device operation.  
 
 
 
Figure 87. Optical micrographs of an ITO/ZrO2 electrode studied after removing a top electrode 
and an organic active layer in a HyLED which was unoperated (a), operated at 10 V 
(b), 20 V (c) and which was fully degraded (and burnt out) (d) 
 
Figure 87 demonstrates optical micrographs of ZrO2 on ITO in an unoperated 
device, after functioning in a diode at 10 V and 20 V, and after complete device burn-
out. One can see that driving current across the devices at 10 V does not lead to 
significant changes in the micrographs compared to unoperated samples (Figure 87-b)). 
However, increase of the applied bias up to 20 V results in appearance of lightened 
regions with occasional dark features on the surface of ZrO2. Further increase of the 
device driving voltage leads to the complete burn-out and dramatic changes in the 
a) b) 
d) c) 
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quality of the ITO/ZrO2 electrode. Thus, light circles with maximum size of the order of 
20 µm and a large number of dark submicron spots throughout the whole surface can be 
seen on this sample. As such, Figure 87 suggests that the ITO/ZrO2 electron-injecting 
electrode does not remain intact under operating conditions and may be prone to 
degradation. This is consistent with studies in the past, suggesting that both ZrO2 and 
ITO may be affected by functioning under applied bias [235-237]. 
 
7.4. Modification of the HyLED operational stability with storage in air 
 
We now consider the variation in the stability of the HyLEDs when stored under 
atmospheric conditions. Figure 88 and Figure 89 demonstrate evolution of shapes of the 
operational stability curves with increasing time of storage for the pristine and annealed 
HyLEDs, respectively. The maximum brightness in the HyLEDs was about 100 cd m
-2
 
with their driving current densities of 31.5 mA cm
-2
 and 10.4 mA cm
-2
, respectively, for 
the annealed and pristine devices. In both cases, operational stability seems to decrease 
with storage time. There is also an apparent trend that the driving voltage in both 
HyLEDs using pristine and annealed active layers increases with time of storage. 
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Figure 88. a) and b), respectively, normalized electroluminescence versus operating time and 
driving voltage versus operating time curves for pristine HyLEDs, having maximum 
luminance of approximately 100 cd m
-2
, driven at the current density of 31.5 mA 
cm
-2
, and stored in air for: 0 hours (solid line), 3 hours (dashed line), 5 hours (dotted 
line) and 6 hours (solid grey line)  
 
The rise in the driving voltage for OLEDs operated at constant current has in the 
past been explained by the rise in the device resistance due to oxidation [16]. Thus, for 
example, oxidation of the polymer layer may be one of the reasons for the overall 
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device degradation upon storage in air [243]. Polymer degradation may also explain the 
reduction in the device lifetime as observed in Figure 88 and Figure 89.  
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Figure 89. a) and b), respectively, normalized electroluminescence versus operating time and 
driving voltage versus operating time curves for annealed HyLEDs having 
maximum luminance of approximately 100 cd m
-2
, driven at the current density of 
10.4 mA cm
-2
, and stored in air for: 0 hours (solid line), 5 hours (dashed line), 10 
hours (dotted line) and 12 hours (thick pink line)  
 
Figure 90-a) compares the data in Figure 88 and Figure 89, demonstrating the 
evolution of operating time required to reach 80% of maximum luminance with time of 
storage in air for Devices I and II. Figure 90-b) shows evolution of maximum luminous 
efficacy for the same devices. The data for a conventional OLED is presented as a 
reference. 
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Figure 90. a) Evolution of the lifetime required to reach 80% of maximum luminance with time 
of storage for Device I (circles), Device II (triangles) and Device III (squares); b) 
evolution of the lifetime required to required to reach 80% of maximum luminous 
efficacy for the same devices as in a)  
 
One can see that the lifetime of the HyLED devices reduces with storage time but 
remains higher than in the conventional OLED within the duration of the experiment. 
The reduction is also observed for luminous efficacy of the devices. In both cases 
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comparison between the HyLEDs suggests that relative deterioration in the device 
characteristics is smaller for the diode employing the annealed polymer layer. The 
positive effect of polymer annealing on the OLED stability was reported in the past and 
was found to correlate with improved polymer stiffness [180]. This dependence of the 
device stability on the active layer annealing may suggest that degradation of the active 
layer represents the major cause of overall device degradation. Further improvement 
may then be expected upon the use of more emissive polymers offering better 
atmospheric stability both in terms of storage and operation.  
 
7.5. Conclusion 
 
In this Chapter, a short study of stability in hybrid metal oxide/polymer light-
emitting diodes has been presented. For these studies, a LabVIEW interface has been 
programmed which allows monitoring the evolution of the device performance with 
operating time.  
To summarize, the results demonstrate that under operation in atmospheric 
conditions, the HyLED using the annealed active layer of Lumation Green offers better 
stability to both the pristine HyLED and the conventional OLED both in terms of 
operational lifetime and shelf-lifetime. Lifetime of the devices studied here tends to 
reduce, while the driving voltage tends to increase upon storage of the devices in air 
which may be attributed to enhanced resistance due to oxidation. The pristine HyLED 
has longer half-life time than the conventional OLED using the same light-emitting 
layer. The difference in stabilities of the conventional OLED and the HyLEDs may be 
attributed to higher individual stability of the HyLED components. Inferior stability of 
the HyLED using a pristine active layer relative to the device with a thermally annealed 
emitter might be due to higher heat dissipation upon prolonged operation in air at 
constant current and poorer mechanical stability of the pristine polymer. 
Overall, results presented herein demonstrate that the HyLED architecture may 
offer a good prospect to be used in air-stable encapsulation-free light-emitting devices 
and panels. 
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Conclusions 
 
Hybrid metal-oxide/polymer LEDs (HyLEDs) are a unique class of light-emitting 
devices, comprising air-stable inorganic components combined with a high-performance 
organic layer. They utilize metal oxide materials as charge-transport and injection layers 
and employ an inverted architecture to allow Au to be used as a top electrode, instead of 
a low-work function metal. Due to the nature of the electron- and hole-injecting 
interfaces, the current in the active organic layer in this class of devices is considered to 
be electron injection-limited and dominated by holes. As such, in the first part of this 
thesis, strategies of improving electron/hole ratio in the emissive polymer were targeted. 
Those included modulation of electron injection with the help of dipolar SAMs, 
expanding the EIL/EML interface area through the use of nanostructured architecture, 
and employing EIL materials alternative to TiO2 so that to improve hole-blocking and 
electron injection into the active layer. The use of an alternative electron-injecting 
material ZrO2 resulted in a significant improvement in the device efficiency. Based on 
the success of the ZrO2 EIL, three requirements were suggested for the search of an 
efficient EIL in the HyLED architecture: 1) EIL must provide efficient blocking of 
holes, 2) EIL must ensure sufficiently high electron injection and 3) EIL must be inert 
to reacting at the interface with excitons in the active polymer layer. 
Optimization of performance of HyLEDs using ZrO2 as an EIL demonstrated the 
influence of thermal annealing of the active layer on the device brightness and 
efficiency. The influence of annealing was observed to correlate with positioning of the 
EIL conduction band and the EML LUMO relative to each other. Thus, for EML 
LUMO situated significantly above the EIL conduction band, annealing led to device 
deterioration, while for the LUMO situated close to the conduction band or below it, 
annealing resulted in improvement in the device characteristics. Parameters accounting 
for the quality of the ZrO2 layer, such as its thickness and morphology, were also found 
to have a strong effect on the overall device performance. The optimum ZrO2 thickness 
for all the light-emitting polymers used was in the range of 30-50 nm, while the most 
densely packed metal oxide layer gave the highest efficiency. The use of the ZrO2 EIL 
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and the annealing protocol allowed bright and efficient red-, green- and blue-light-
emitting devices to be produced using a range of polyfluorene derivatives.  
The idea of combining good electron transport with efficient hole and exciton 
blocking was tested by fabricating two- and three-component EILs using TiO2 or ZnO 
as an electron-transporting component and ZrO2 or Al2O3 as a hole-blocking 
component. This methodology proved efficient in enhancing performance of single 
TiO2, ZnO and Al2O3 layers, while a single ZrO2 layer showed the highest efficiency 
among all combinations.  
The second part of the thesis was devoted to optimization of the hole-injecting 
side of the HyLED devices and assessment of the HyLED stability in comparison to the 
conventional OLED architecture using LiF/Al as a top electrode. The use of an 
alternative anode comprising a hole-injecting layer of PEDOT:PSS and a transparent 
highly conductive transfer-printed layer of VPP-PEDOT demonstrated an easy way of 
fabricating all-solution processed red-, green- and blue-emitting devices based on the 
HyLED architecture. With regard to stability of operation and storage in air, the HyLED 
architecture seems to offer a better performance compared to the conventional 
architecture despite the lower efficiency and potentially higher heat dissipation during 
operation. 
 
Further work 
 
ZrO2, whose exceptional performance as an EIL has been demonstrated in this 
thesis, is a wide-band gap high-k dielectric material studied for use in metal-oxide-
semiconductor (MOS) transistors for substitution of SiO2. Recent report by Bolink et al. 
demonstrates the use of other wide-band gap high-k dielectric metal oxides, MgO and 
HfO2, as EILs, and proposes a strategy for producing high-performance diodes by 
setting a low barrier for electron injection from ITO into the EIL and a high barrier for 
hole escape between an active layer HOMO and the metal oxide valence band [244]. 
This strategy is in accordance with the requirements for an EIL which has been outlined 
above, in Section 4.1. As such, alternative high-k dielectric materials and their 
combinations satisfying those requirements may be targeted in the search for further 
improvement in the HyLED efficiency. Also, the use of wide-band gap EIL materials 
with a conduction band situated below the LUMO of an emissive layer can be proposed 
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to study exciton quenching at an EIL/polymer interface. The role of the wide band gap 
in this case would be to ensure the blocking of holes and that no absorption of emitted 
photons occurs in an EIL.  
Results presented herein demonstrate the good prospects offered by the HyLED 
architecture in fabrication of vacuum-deposition free devices. Further interest may lie in 
improving the performance of such devices and developing a technique for low-
temperature deposition of an efficient electron-injecting/hole-blocking material in air.  
In terms of the HyLEDs environmental stability, while metal-oxide components 
and an Au electrode may offer good environmental stability, stability of the active 
polymer layer may still represent the biggest challenge. As such, future work may be 
devoted to studying a range of electroluminescent materials, both organic and inorganic, 
with the HyLED architecture with a purpose of achieving improved operating and shelf-
life stability.  
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Appendix A. Molecular symmetry and luminescence of conjugated 
polymers 
 
Good charge-transporting and light-emitting properties cannot always be 
combined in a single mono-component conjugated polymer. Herein the fundamental 
reason for this fact is explained in brief. When describing the electronic structure of 
conjugated polymers in Section 1.2.1, the aspect of symmetry of π-molecular orbitals 
was not mentioned. The latter however becomes very important when considering 
electronic transitions within a polymer chain. Thus, one-photon transitions, such as 
absorption and luminescence, have high probability only if they occur between 
electronic states of different symmetries [245]. The Hückel theory which does not take 
into account electron-electron correlation produces molecular orbitals with symmetries 
alternating between “gerade” (symmetric/g) and “ungerade” (antisymmetric/u). The 
ground state (S0) configuration of a molecule is a symmetric 1
1
Ag singlet state, while 
the lowest energy excited state is an antisymmetric 1
1
Bu singlet (S1). All excited 
symmetric states nAg are located above that level [246]. 
 
 
 
Figure 91. Ground singlet and first and second excited singlet states in a conjugated polymer 
 
The picture may somewhat change when the electron-electron (e-e) correlation is 
considered. In polyenes, for example, this correlation is strong. This results in mixing of 
the singly and doubly excited configurations making the 2
1
Ag state lower in energy than 
the 1
1
Bu state (Figure 91) [247]. Hence the 2
1
Ag state becomes S1, while 1
1
Bu state 
becomes S2. 
S2 (1
1Bu) S0 (1
1Ag) S1 (2
1Ag) 
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In case of a mixed polyenic-aromatic structure, as in PPV, the e-e correlation 
decreases, and the 1
1
Bu state becomes more stable (or lower in energy) than the 2
1
Au 
state. Schematically, the difference between relative positions of the “gerade” and 
“ungerade” excited states in conjugated chains with low and high degree of e-e 
correlation is shown in Figure 92. 
 
 
 
Figure 92. Relative positions of “gerade” (even symmetry) and “ungerade” (odd symmetry) 
states in polymers with weak and strong electron-electron correlation 
 
The requirement for one-photon electronic transitions to occur between 
symmetric/“g” and antisymmetric/“u” states suggests that in the case of high e-e 
correlation, as in polyenes, excitation to and emission from the lowest excited state in a 
molecule are forbidden and, therefore, have very low probability of occurring. More 
likely is an excitation to the second excited state, the antisymmetric 
1
Bu. However, 
emission from this higher excited state is repressed in general due to the so-called 
Kasha‟s rule [248]. The rule states that before photon emission (that can be both 
fluorescence and phosphorescence) electrons must undergo internal conversion to the 
lowest lying excited state, S1. In polyenes, the symmetry of the S1 state, in turn, does not 
allow direct emission to the ground state. For this reason, such molecules, as polyenes, 
do not exhibit luminescence and are not efficient as light-emitting layers. 
In weakly electron-correlated polymers, such as PPV, the lowest lying excited 
state has “ungerade” symmetry (Figure 92), favourable for strong absorption into the 
state and efficient emission from it. High luminescence efficiency, along with the ability 
to transport charge carriers, explains the success of this class of molecular emitters in 
polymer-based light-emitting devices. 
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Appendix B. Charge transport in conjugated polymers: Polarons and 
solitons 
 
Charge transport properties in conjugated polymers are closely linked with the 
electronic structure and optical properties. One of the early insights into this relation is 
given in the paper by Lauchlan et al. [249]. In their study of photoexcitations in 
polyacetylene, the authors suggested existence of two types of charge carriers in 
conjugated polymers: 1) solitons in chains with ground state degeneracy and 2) 
bipolarons in chains without degeneracy of the ground state.  
In trans-polyacetylene, representative of the former class of conjugated polymers, 
the degeneracy results in formation of mid-gap states associated with two solitons, one 
of which is empty (+) and the other doubly occupied (-) (Figure 93). Due to iso-
energetic positions of the soliton states, they can move apart and contribute to electrical 
current when field is applied. A practical way of obtaining conjugated polymers 
exhibiting “metallic” conductivities via doping was shown by a group including Heeger, 
MacDiarmid and Shirakawa [25]. They doped the polymers with impurities to introduce 
carriers into the conduction band and obtain carrier mobilities of the order of 1 cm
2
 s
-1
 
V
-1
.  
 
 
Figure 93. a) A chain of trans-polyacetylene in ground state; b) formation of a soliton-antisoliton 
pair on a trans-polyacetylene chain; c) energy diagram of a soliton-antisoliton pair 
 
In contrast to trans-(CH)x, PPV has a non-degenerate ground state. Therefore, 
upon excitation of an electron, two states are formed inside the band gap, corresponding 
to interacting pair of an electron and a hole (Figure 94). If kept closely bound, the 
species described is equivalent to an exciton. However if an electron is removed from a 
chain (or screened from a hole), and the remaining hole stays surrounded by the local 
a
) 
b
) 
 
 
  
c
) 
APPENDICES 
183 
lattice distortion, it may take part in transport of current, and would be called a polaron 
[250]. An extent to which the states are pushed inside the band gap is determined by the 
sum of the polaron binding energy, typically of the order of 0.1eV, and energy required 
for lattice distortion upon excitation.  
 
 
Figure 94. a) A chain of poly-para-(phenylene vinylene) (PPV) in ground state; b) formation of a 
pair of polarons on a PPV chain; c) energy diagram of a polaronic pair 
 
When two electrons are withdrawn from a PPV chain (for example, in case if the 
polymer is doped), a bipolaron is created which represents two polarons sharing the 
same lattice distortion. Through this distortion they are attracted to each other and 
remain stable. This quasi-particle is similar to a Cooper pair of coupled charges of same 
polarity [250]. It is interesting to note that prior to the observation of 
electroluminescence in PPV, bipolarons were considered the only stable quasi-particles 
in conjugated polymers [251]. To account for observation of electroluminescence from 
conjugated polymers existence of polarons had to be postulated, since only by 
recombination of two polarons of opposite charge can an exciton be produced. By now, 
it has been demonstrated that polarons can be stabilized both by defects and 
intrinsically, avoiding the transformation into bipolarons [252, 253]. 
 
  
a
) 
b
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c
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Appendix C. LabVIEW code for spray pyrolysis automation  
 
The software for automation of the spray pyrolysis process was created in the 
LabVIEW environment. Because a DAQ card was used for communicating a setup 
solenoid valve to a computer, control of the state of the valve (open or closed) was 
realized via the DAQ Assistant function.  
 
 
Figure 95. Block diagram corresponding to setting the valve into the “closed” state by sending 
signal “0” to the DAQ card 
 
 
Figure 96. Block diagram corresponding to keeping the valve in the “closed” state for the 
duration defined by the „Time closed (ms)‟ numeric control 
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Figure 97. Block diagram corresponding to setting the valve into the “open” state by sending 
signal “5” to the DAQ card 
 
 
Figure 98. Block diagram corresponding to keeping the valve in the “open” state for the duration 
defined by the „Time open (ms)‟ numeric control 
 
Connection to the DAQ card was ensured so that the valve stays in the initial 
“closed” state upon reading “0” as a data signal, while signal “5” would open the valve. 
The architecture of the software block diagram enables realization of the sequence of 
the following steps: 1) closing the valve (Figure 95), 2) keeping it closed for a defined 
period of time (Figure 96), 3) opening the valve (Figure 97) and 4) keeping it open for a 
defined period of time (Figure 98).  
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Appendix D. LabVIEW code for OLED stability measurements 
 
Measurement of OLED operational stability was performed using a LabVIEW 
software with the help of Konica Minolta LS-100 luminance meter and Keithley 2400 
Source-meter.  
 
 
Figure 99. Block diagram corresponding to setting the source-meter to a user-defined level of 
current/bias and compliance  
 
 
Figure 100. Block diagram corresponding to setting a user-defined delay between applying 
current/bias across a diode and measuring its luminance 
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Figure 101. Block diagram corresponding to measurement of the diode luminance by the camera 
 
 
Figure 102. Block diagram corresponding to resetting the source-meter 
 
Both Konica Minolta LS-100 luminance meter and Keithley 2400 Source-meter 
were controlled with the help of a VISA interface, with communication to a computer 
being realized via a RS-232 Serial COM-port and a GPIB (IEEE-488) bus, respectively. 
The sequence of steps taken during a single measurement cycle is as follows: 1) a 
command is sent to the source-meter setting applied current/bias (Source Level/mA or 
V) and a compliance level (Compliance/V or mA) (Figure 99); 2) a user-defined delay 
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is taken between application of current/bias across a light-emitting device and 
measuring its luminance (Source-Camera Delay/ms) (Figure 100); 3) a measurement of 
luminance is acquired from the camera (Figure 101); 4) the source-meter is reset for the 
next measurement cycle (Figure 102). The number of measurement cycles to be 
performed is set by a user in the beginning of the experiment (Counts), but the 
experiment can be stopped at any time by pressing the “STOP” button on the LabVIEW 
Front Panel. 
 
 
Figure 103. Block diagram of a LabVIEW SubVI (SRSE CMND) compiling a message to the 
source-meter in a readable format 
 
 
Figure 104. Block diagram of a LabVIEW SubVI (NUM→TIME) which makes a translation from 
a numeric format into a time format 
 
 
Figure 105. Block diagram of a LabVIEW SubVI (CMR DATA) which acquires readings from the 
luminance meter 
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In the block diagrams demonstrated in Figure 99, Figure 100, Figure 101 and 
Figure 102, the following LabView SubVIs were used for simplification: SRSE CMND 
– which compiles settings to be applied to the source-meter into a readable message 
(Figure 103); NUM→TIME – which translates from a numeric format into a time 
format for controlling purposes (Figure 104); CMR DATA – which acquires readings 
from the luminance meter into a computer (Figure 105). 
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